ELECTRONIC CIRCUITS NAYSHIPS 
SECTION 3 
GENERAL INFORMATION ON SEMICONDUCTOR CIRCUITS 


3.1 DEFINITIONS OF LETTER SYMBOLS USED. 

The letter symbols used in the diagrams and discus- 
sions on semiconductor circuits throughout this technical 
manual are those proposed as standard for use in industry by 
the Institute of Radio Engineers, or are special sysibols 
not included in the standard. Since some of these symbols 
change from time to time, and new symbols are developed to 
cover new devices as the art changes, an alphabetical 
listing of the symbols used herein is presented below. It 
is recommended that this listing be used to obtain the 
proper definitions of the symbols employed in this manual, 
rather than to assume an erroneous meaning. 

3.1.1 Construction of Symbols. Semiconductor symbcls 
are made up of a basic letter with subscripts, either 
alphabetical or numberical, or both, in accordance with 
the following rules: 

a. Acapital (upper case) letter designates extemai 
circuit parameters and components, large-signal device 
parameters, and maximum (peak), average (de), or root- 
mean-square values of current, voltage, and power {I, V, 

P, etc.) 

b. Instantoneous values of current, voltage, and 
power, which vary with time, and small-signal values are 
represented by the lower case ( small} letter of the proper 
symbol (i, v, P, ie, Ven, etc) 

c. D-C values, instantaneous total values, and large- 
si¢nal values, are indicated by upper case subscripts 
(ic, le, veB, Ves, Pe, per etc.) 

d. Alternating component values are indicated by using 
lower cose subscripts; for example, ic, Ie, Yeb, Vabs Pov 
Po 

e. When it is necessary to distinguish between max- 
imum, average, or root-mean-square values, maximum or 
average values may be represented by addition of a subscript 
m or av; for example, icm, lem, Icom: leave ICAVs 

f. For electrical quantities, the first subscript 
desiqnates the electrode at which the measurement is 
made. 

g. For device parameters, the first subscript desiqnates 
the element of the four-pole matrix; for example, I or i for 
input, O or o for output, F or f for forward transfer, and 
Ror r for reverse transfer. 

fh. The second subscript normally des 
reference electrode. 

i, Supply voltages are indicated by repeating the 
associated device electrode subscript, in which case, the 
inal isthen designated by the third 
subscript; for exemple, Vee, Yoo: Veen, Yoo: 

}. In devices having more than one terminal of the same 
type (say two bases), the terminal subscripts are 
modified by adding a number following the subscript and 
placed on the same line; for example Vp 1-52. 

k. in muitipie-unii devices the teminc! subscripts 
are modified by a number preceding the electrode subscript; 
tor example, Vis-25- 
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alphabetical list of all letter synbols used herein is 
presented below for easy reference. 

Symbol Definition 

a Current amplification factor (common- 
base current gain - Alpha) 
Short-circuit forward current transfer 
ratio, static value 


QFB, @FC,aFE 


ath, dfe, Gie Small-gignal short-circuit forward 
current transfer ratio 

AG Available gain 

At Current gair 

Ap Power Gain 

Av Voltage gain 

Borb Base electrode 

B Common-emitter current gain - Beta 

BY or Vua Breakdown voltage 
(formerly Pre or Pry) 

BZ Large-signal breakdown impedance 

bz Small-signal breakdown impedance 

Core Coliector electrode or capacitor 

CB, CC, CE Common base, collector, and emitter, 
respectively 

Ce Collector junction capacitance 

Coe Coupling capacitor 

Ce Emitter junction capacitance 

CG Current gain 

iz Collector current gain —— Gamma 

CGo Overall current gain 

C (dep) Depletion layer capacitance 

C (diff) Diffusion layer capacitance 


Cib, Cie Cte input capacitance for coimmnon bess, 

collector, and emitter, reapectively 

Cy Input capacitance 

Cibs, Ctes, Cice Input terminal capacitance with 
output terminals shortcircuited to 


ac, for common base, emitter, and 


collector 

CL Load capacitance 

Cob, Coc, Coo Cutput terminal capacitance for 
common base, collector, and emitter, 
respectively 

Code, Cass, Cesc Output terminal capacitance, oc 


input terminals open-circuited, for 
common hase, collector, and emitter, 


respectively 
be Distortion 
Eos Emitter electrode 
Ed Drain-terminal suppiy voltage, 


unipolar transistor 
Eq Gate-terminal supply voltage, 
unipolar transistor 


Es, Ec, Ee Same as Ves. Vec, VEE 

Sb: Bc, Se Same 8 vp, Vo: Ve 

Epp Battery supply voltage 

£, or E) Input voltage, 4-terminal network 

Eo ur Ez Output veltaqe, 4-terminal network 

EF Emitter follower, computer logic 
clreuit 


Forward transter 
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Symbol 


fab, fac, fae 


f] 

Gb, Ge, Ge 
gus 

gm 

qm 

Gus 


h 
bre, hro, here 


hgb, hfe, hfe, h21 


hip, bic, HIE 


hib, hic, hte, hil 
hos, hoc, hor 
hob, hoc, hoe, h22 
bre, hrc, hre 
heb: hro, hre, h12 
I 

1 


Tp, Ic, Te 


Tb, Ley Te 


Ib, te, te 


Tam, Icom, lem 


Tom, tem, lem 


Ib(av), Ie(av), le(av) 
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Definition 

Alpha cutoff frequency for common 
base, collector, and emitter, respec- 
tively 

Cutoff frequency 

Power conductance cutoff frequency 
Maximum frequency of oscillation 
Noise figure 

Theoretical cutoif frequency, or zero 
(basic) frequency 

Maximum frequency of oscillation 
Power gain cutoff frequency 
Resonant frequency 

Transition frequency 

Frequency of unity current transfer 
ratio 

Power gain for common base, 
collector, and emitter, respectively 
Static transconductance 

Intrinsic transconductance 
Smali-signal transconductance 
Large-signal transconductance 
Hybrid parameter 

Short-circuit forward-current transfer 
ratio, static value for common base, 
collector, and emitter, respectively 
Short-circuit forward-current transfer 
ratio, small-signal value, for common 
base, collector, and emitter respec- 
tively 

Short-circuit input resistance, static 
value for common base, collector, 
and emitter, respectively 
Short-circuit input impedance, small- 
signal value 

Open-eireult output conductance, 
static value 

Open-circuit output admittance, 
small-signal yalue 

Open-circult reverse-voltage transfer 
ratio, static value 

Open-circult reverse-voltage 
transfer ratio, small-signal value 
Direct current (de) 

Alternsting current (ac) 

D-C base, collector, and emitter 
current, respectively 

RMS value of a-c signal current for 
base, collector, and emitter, 
respectively 

Instantaneous value of a-c base, 
collector, and emitter current, 
respectively 

Maximum value of total base, 
collector, and emitter current, 
respectively 

Maximum a-c component value of 
base, collector, and emitter current, 
respectively 

Average (d-c) value of alternating 
component of base, collector, and 
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IB{AV), Ic(AV), 


Te{AV) 


(BR) 


Tpco or [po 


Ipcs or Ips 


IBEO 


IBES 


IeBo or Ico 


Icas or Ics 


ICEO 


Ices 


Ip 


Ippo or Igo 


leps or les 


Ior 
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Definition 

emitter cwrent, respectively 
Average (d-c) value of total base, 
collector, or emitter current, respec 
tively with signal applied 

Total current at breakdown voltage; 
use additional subscripts to identify 
electrodes measured and conditions 
D-C base current, base reverse- 
biased with respect to collector, 
emitter to collector open 

D-C base current, base reverse- 
biased with respect to collector, 
emitter shorted to collector 

D-C base current, base reverse- 
biased with respect to emitter, 
collector to emitter open 

D-C base current, base reverse- 
biased with respect to emitter, 
colector shorted to emitter 

D-C collector current, collector 
reverse-biased with respect to base, 
emitter to base open 

D-C collector current, collector 
reverse-biased with respect to base, 
emitter shorted to base 

D-C coilector current, collector 
reverse~biased with respect to 
emitter, base to emitter open 

D-C collector current, collector 
reverse-biased with respect to 
emitter, base shorted to emitter 

D-C drain current, unipolar tran 
sistor 

D-C emitter current, emitter reverse- 
biased with respect to base, collec~ 
tor to base open 

[I+C emitter current, emitter reverse 
biased with respect to base, collec- 
tor shorted to base 

D-C emitter current, emitter reverse- 
blased with respect to collector, 
collector to base open 

D-C emitter current, emitter reverse 
biased with respect to collector, 
base to collector open 

Diode dec forward current 
Instantaneous forward diode current 
D-C qate current, unipolar transistor 
Gate trigger current in a PNPN 

type switch 

Holding current in a PNPN type 
switch 

D-C output current 

D-C input current 

Electron current 

Electron current through collector 
and emitter function, respectively 
Hole current 

Input current, 4-termingl network 
Output current, 4-terminal network 
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Symbol 
ip} 


ip2 
it 


Te 

Jorj 
MAG 
MIN, min 
NPN 


PG 

PGo 

PyorP) 

Po or P2 

Pom 

Pr 

Pom, Pem, Pem 


PN 
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Definition 
Base input turron current (switch 
ing) 


Base input turn-off current (switching) 
A-C input current, instantaneous 
Instantaneous diode reverse current 
Diode d-c reverse current 
Saturation cuneni 

Electrode, general 

Maximum available gain 

Minimum value 

Transistor consisting of one P-type 
and two N-type semiconductor 
junctions 

Semiconductor with donor impurity 


Cutpui (usec 
Total average power dissipation of 
all electrodes of a semiconductor 
device 

Average power dissipation of base, 
collector, and emitter, respectively 
Power gain 

Over-all power gain 

Input power 

Output power 

Maximum output power 

Point contact 

Peak power dissipation of base, 
collector, and emitter, respectively 
Combination of P-type and N-type 
semiconductors 

Transistor consisting of one N-type 
and two P-type semiconductor 
Junctions 

Semiconductor with acceptor impurity 
Resistance, resistor 


Uxternal series resistance for base, 
collector, and emitter, respecuvely 
Internal resistance of base, collec 
tor, and emitter, respectively 

A-C resistance of base, collector, 
and emitter, tespectively, for low- 
frequency T-equivalent circuit 
Feedback resistance 


Input resistance 


A-C transfer resistance ior T~ 


equivalent circuit 


Load resistance 


4-terminal network output resistance 
Matched output resistunce 
Equivatent base high-frequency 
resistanc 


resistance 


Smoll-signal, open-circuit. reverse 


transfer resistence 
Smati-signai. ovencucwi, iewar, 


transter resistance 


tre 
ts 


tw 


Bra, Ure, URE 


tb, Ete, Hte 


Merb, Ure, Ure 
v 
v 
Vp, Vc. VE 


Vho Ve. Ve. 
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Definition 

Sma}l-signal, open-circuit output 
resistance 

Current stability factor 

Silicon high-temperature transistor 
Voltage stability facte: 

Absolute temperature, or transformer 
Ambient temperature 


stant 

Case temperature 

Temperature coefficient of breakdown 
voltage 

Junction temperature 

Ohmic deloy time (switching) 

Pulse fall time, 90% to 10% of 

pulse (switching) 

Absolute maximum temperature 
Storage temperature 


Diode forward recovery time 


Pulse tise time, 199 


pulse (switching) 

Diode reverse recovery time 

Storage time from turnoff pulse to 90% 
decay time 

Pulse average t:me 

Open-circuit forward voltage transfer 
ratio, static value for common base, 
collector, dnd emitter, respectively 
Small-signal open-circuit forward 
voltage transfer ratio for common 
base, collector and emitter, respec- 
tively 

Open-circuit reverse voltage wans{e: 
ratio, static value for common base, 
collector, and emitter, respectively 
Smali-signal open-circuit reverse 
voltage transfer ratio for common 
base, collector, and emitter, respec- 
tively 

D-C voltage 

A-C voltage 

D-C voltage for base, collector, 


and emitter, ro upectively 

A-C voltage for be-e, collector, and 
emitter, respectivel; 

iC vase supply voltage 


Base-to-emitier de supp! 


Hase-to-coilector vi-c yvoliuge 
Base-to-coliector a-c voltage 


Base-tc-emitter 3+ 


Base-to-emitter u-c voltage 


Mr base tinating potential. calles 


emitter, base to emitter open 


D-C base floating potential, emitter 
reverse-biased with respect to 
coliecior, buse open 

Breakdown voitage 


Callectar-to- pase d-c voiruge 
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Symbol 
VcBF ot Ver 


VcEO 


VCER 


Voces 
VcE (SAT) 
Vb 

VEB 


Veb 
VeBF or VEF 


Vec 
vec 
VECF 


VGo 


VRT 
Ve 
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Definition 

D-C collector floating potential, 
emitter reverse-biased with respect 
to base, collector to base open 
Collector d-c supply voltage 
Collector-to-base d-c supply voltage 
Collector-to-emitter d-c supply 
voltage 

Collector-to-emitter d-c voltage 
Collector-to-emitter a-c voltage 
Collector d-c floating potential, 
base reverse-biased with respect 
to emitter, collector to emitter open 
D-C collector-to-emitter voltage 
with collector junction reverse- 
biased, zero base current (specify 
Te) 

Similar to VcEo, except with a 
resistor (of value R) between base 
and emitter 

Similar to Veeo, except with base 
shorted to emitter 

Collector region saturation voltage 
at specified Ic and Ip 

D-C drain voltage, unipolar transistor 
Emitter-to-base d-c voltage 
Emitter-te-base ec voltage 
Emitter d-c floating potential 
collector reverse-biased with 
respect to base, emitter to base 
open 

Emitter-to-collector d-c voltage 
Emitter-to-collector a-c voltage 
Emitter d-c floating potential, 
base reverse-biased with respect 
to collector, emitter to collector 
open 

D-C emitter supply voltage 

Diode d-c forward voltage 

Diode instantaneous (a-c) forward 
voltage 

D-C gate voltage, unipolar transistor 
Voltage gain 

Over-all voltage gain 

D-C input voltage, 4-terminal 
network 

A-C input voltage, 4-terminal 
network 

A-C input voltage 

Noise voltage 

A-C output voltage, 4-terminal 
network 

A-C output voltage 

Pinch-off voltage, unipolar transistor 
Open-circuit voltage 

Dicde d-c reverse voltage 

Diode instantaneous (a-c) reverse 
voltage (peak inverse} 
Reach-through (punch-through) 
voltage 

Source voltage, general 
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Symbol Definition 

Vsat Saturation voltage, general 

Vr Thermal noise voltage 

w Transistor base region thickness 

x Reactance, general 

Se Capacitive reactance 

XL Inductive reactance 

Yy Short-circuit admittance parameter 


Ytb, Yicr Yie Smail-signal forward-transfer 
admittance, a-c output shorted, 
for common base, coilector, 
and emitter, respectively 

Yib, Yics Yie Smali-signal input admittance, 
a-c output shorted, for common 
base, collector, and emitter, 
respectively 

Small-signal output admittance, 
a-c input shorted, for common 
base, collector, and emitter, 


respectively 


Yobs Yorr Yoe 


Yrb, Yrey Yre Small-signal reverse-transfer 
admittance, a-c input shorted, 
for common base, collector, 


and emitter, respectively 


Zz Impedance, general 

* Open-circuit impedence parameter 
ZF Large-signal forward impedance 
Zt Smatl-signal forward impedance 


Small-sigqnal forward-transfer 
impedance, a-c output open, for 
common base, collector, and 
emitter, respectively 
Small-signal input impedance, 


Zfb, Zfcr Zfe 


Zibs Zier Z1e 
a-c output open, for common 
base, collector, and emitter, 
respectively 

Zu ‘Load impedance 

Small-signal output impedance, 

a-c input open, for common base, 

collector, and emitter, respectively 


Zobs Zoc, Zoe 


Zrby Zrc, Zre Small-signa! reverse-transfer 
impedance, a-c input cpen, for 
common base, collector, and 


emitter, respectively 


3.2 DIODE CIRCUITS. 

Semiconductor diodes are employed for rectification 
and detection similarly to electron-tube diodes; in addition, 
they have special properties that make them porticulaly 
useful for bias and voltage stabilization. Since junction 
diodes can be made of the same material as the transistor 
ond have the same temperature coefficient and resistance, 
they will track better over the same temperature range, 
providing nearly idea! thermal compensation. Likewise, 
application of the avalanche breakdown phenomena provides 
a special voltage-stabilizing (Zener) diode. 

3.2.1 Junction Diede Theory. When P-type and N-type 
germanium are combined in manufacture, the result is a 
P-N junction diode, which has characteristics similar to 
that of the electron-tube diode. If properly biased, the 
junction diode will conduct heavily in one direction and very 
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lightly or practically not at all in the other direction. The 

P and N sections of the diode are analogous to the plate 

and cathode of the electron~tube diode. The direction of 
heavy current flow is in the forward, or easy current, direction; 
the flow of light current (back current) is in the reverse 
direction. To produce c forward current flow, it is necessary 
to bias the junction diede properly. Figure 3-1 illustrates 
prope nections for forward and reverse currents. 
The triangle in the graphical symbol (sometimes called an 
arrowhead} points against the direction of electron current 
flow. It is evident that the polarities and electron current 


P-N N-P 

= 1, | | = T= 

Sie tus als SH? eye ee 
J 


REVERSE 8/AS 


Figure 3-1. 
Diode Biasing Circuits 


flow of the junction diode ore identical with those of the 
vacuum-tube diode and the crystal semiconductar (paint- 
eoniact) diode. Be 
{which is not present in any appreciable Sens 
tube} and the resistivity of the se 


diffor somewhat from “that nt 


and theory of u junction 4 
the electran tube diode. 

A discussion of the uperation of the PN ( 
junction and cD: 
at this point, Since ah unc 


or and how it varies with extetna! apclied 


circuit operation im later discussions. ‘h 


th: eory two t 


encountered, namely, elect: ; 
egret: er emiconductor cau: 
mt valence bands with 
sufficient energy to place thet inthe conduction bond. The 
resultant vacancy credted in the valence band possesses o 
positive charge and 1s calied dheie. When hules aie 
present inthe valence band, electrons cm change their 
energy state and conduction is POSSE oy hol 


energy imparte: 


eased f 


their sinqte and mnaducti: 


Thus, conduct 


ible Dy electron 


movement. m within the semiconductor is 


onic 
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caused by the movement of positive (hole) and negative 
(electron) carriers. Although the movement of holes is the 
result of the movement of electrons, the charge which moves 
is positive; therefore, it is common to speak of hole move~ 
ment in the valence band rother than electron movement. In 
contrsst, in @ pure Conductor such as capper the conduction 
band and valence bands overlap and are not separated by a 
forbidden region; thus there is un exvess of electrons 
available, and conduction is spoken of only in terms of 
electron movement. 

An intrinsic semiconductor is one to which no 
impurities have been added, ond in which an equal number 
of electron and hole carriers exist. An extrinsic semi- 
conductor is one to which an impurity has been added, and 
which conduction takes place primiarily by one type of 
cartier. Although the umount of impurity is extremely small 
‘on the order of one part in one million or less}, the effect 
the conductivity of the semiconductor is profound. The 
g : of an impurity which creates a majority of electron 
catriers is known as a donor (because it donates electrons}, 
and the extrinsic semiconductor which resuits is cailed 
N-type. Likewise, the addition of om impurity which creates 
a majority of hole carriers produces a P-type semiconductor, 
ond is referred to ds an aceepter impurity (because it will 
accept electrons}. 

A PN junction is a single crystal consisting of P and 
N types of semiconductors formed by an alloying or growing 
process. To facilitate an understanding of its operation, 
it is assumed that ifthe P and N materials are brought 
together extemally the junction will function normally, 
although actucliy it will not. Each type of material is 
considered to be electrically neutral. When the P and N 
materials are brought into contact to form the PN junction, 
a concentration gradient exists for electrons and holes. 
Holes diffuse from the P material into the N material, and 
electrons diffuse from the N material into the P material, 
This process continues unti! the donor and acceptor sites 
near the junction barrier lose their compensating carriers 
and a potentia! gradient is built up which opposes the 
tendency for further diffusion. Eventually a condition of 
ne is reached where the current across the juncticn 
es zerc, Figure 3-2 shows graphically the relation- 
hins across the junction and the final charge dipole which 
resu sul 3S from the -aifusien process. 


io us the depletion region. (Sinc 
= are fixed and are charaed electrically, the depletion 
is sometime called the space charge region.) The 
field hetween the acceptor (positive) and donor 
called 3 berrier, and the effect of the 
bareier is considéred to be represented by a space-charge 
equivaient battery (commoniy calied a patential hill 
battery). In the absence of an external field, the 
magnitude of the difference in potential across the 
space-charge equivaieni tsitary (this po 
available for external use as a battery) is on the order of 
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JUNCTION ~ 


INCREASED 
BARRIER WITH 
REVERSE BIAS 


BARRIER LIMITS 
WITHOUT BIAS —*| 
BATTERY 


SP N 
REGION <—— | ——» REGION 


HOLES GRAWN AWAY 
FROM BARRIER AREA 
BY NEGATIVE SATTERY 
TERMINAL 


ELECTRONS DRAWN 
AWAY FROM BARRIER 
AREA BY POSITIVE 
BATTERY TERMINAL 


| { 
| 
NUMBER | 
OF | ! 
HOLES 
9 
t 
NET + ! 
CHARGE 
° 
fl 
nace BARRIER 
REGION 
Figure 3-2. 


Electric Field Relationships 


reverse-biased. In this condition, the external battery 
polarity is the same as that of the potential-hill battery as 
shown in figure 3-3. Therefore, the bias battery aids the 
potential-hill battery, and very little or no forward current 
passes across the junction. This action occurs because the 
holes are attracted to the negative terminal of the external 
battery ond away from the junction. Similarly, the electrons 
are attracted to the positive terminal of the battery and away 
from the junction. Thus, the depletion area is effectively 
widened, and the potential across the junction is effect- 
tively increased, making it more difficult for normal current 
to flow. With the majority carriers effectively blocked, the 
only current that can flow is that caused by the minority 
carriers, and it is in the opposite (or reverse current) 
direction. This reverse current is called back current, and 
is substantially independent of reverse-bias values until a 
certain voltage level is reached. At this voltage the 
covalent bond structure begins to break down, and a sharp 
tise in reverse current occurs because of avalanche 
breakdown. The breakdown voltage is popularly called 
the Zener voltage, although there is some doubt as to the 
manner in which it occurs. Once the crystal breaks down, 
there is a heavy reverse (back) current flow, which, if not 
controlled, can overheat the crystal and cause permanent 
damage. If the current is kept at a safe value, the crystal 
will return to normal operation when the reverse bias is 
again reduced to the proper value. The construction of the 
junction determines the type of beck current flow. A 
crystal with more N-type material than P-type meterial 
will have a back current due to electron flow; conversely, a 
crystal with predominantly P-type material will have a back 
current due to hole flow. 


Back current exists solely because the depletion area, 
although depleted of majority carriers, is never entirely 
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Figure 3-3. 


Reverse Bias Conditions 


free of minority carriers, and, since they are effectively 
polarized opposite to the majority carriers, the extemal 
reverse-bias polarity is actually o forward bias for the 
minority carriers. 

When the external bias battery is connected so that it 
is oppositely polarized to the potential-hill battery 
(positive to P region and negative to N region), the barrier 
voltage is reduced, and a heavy forward current flows; this 
bias condition is called forward bias. Forward current 
flow is heavy because the electrons of the N region are re- 
pelled from the negative battery terminal and driven toward 
the junction, and the holes in the P region are forced 
toward the junction by the positive terminal. Depending 
upon the battery potential, a number of electrons and holes 
cross the barrier region of the junction and combine. 
Simultaneously, two other actions take place. Near the 
positive terminal of the P material the covalent bonds of 
the atoms are broken, and electrons are freed, to enter the 
positive terminal. Each free electron which enters the 
positive terminal produces a new hole, and the new hole is 
attracted toward the N material (toward the junction). At 
the same time an electron enters the negative terminal of 
the N material and moves toward the junction, heading for 
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the positive terminal of the P material. This action re 
duces the effective value of the potential hill so that it no 
longer prohibits the flow of current across the barrier, or 
junction, as shown by the upper portion of figure 3-4. In- 
ternal current flow occurs in the P region by holes (the 
majority carriers) and in the N region by electrons (also 
majority carriers), Extemally, the current consists of 
electron tlow and is dependent upon the bius buttery 
potential, 


BARRIER 
UNTO ; wet mOUy 
JUNCTION est 
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REDUCED 
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Figure 3-4. 
Forward-Bias Conditi 


If the forward bias is increased, the current through the 
junction likewise increases, and causes a reduced barrier 
Th the ward Nids were increased suticientsy 
to reduce the barrier potential to zero, a very heavy forward 
current would flow and possibiy damage the junction 
because of heating effects. Therefore, tne forward bias is 
usually kept at a low value. Although the initial junction 
barrier potential is on the order of tenths of o volt, the mae 
terial comprising the junction is a semiconductor and has 
resistance, Thus the applied bias must be sufficient to 
avercome the resistive drop in the semiconductor; as o rule, 
od to mroduce a 


Soiteprodauce 


potential, 


one or (wo volts is usually requ. 
satisfactory current liow. 
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Even though the depletion region is less depleted with 
forward bias, the minority carriers still exist. The flow of 
reverse leakage current is practically negligible, however, 
because the forward bias is in effect a reverse bias tothe 
minority carriers and reduces the back current practically 
to zero. 

The dynamic transfer characteristic curve of the 
rated in fire 3-5, shows how the 
conduction varies with the applied voltage. Observe that as 
the teverse bias is increased, a point is reached where the 
back current suddenly starts to increase. If the reverse 

bias is increased still further, avalanche breakdown occurs 
and a heavy reverse current flows as a result of crystal 
breakdown (sometimes called the Zener effect). The mini- 
mum breakdown voltage.2 = the ie uel diode comesponds to 
the maximum inverse ot 


diode. 


Sata 


REVERSE BIAS 

=i +Vv 

FORWARD 
BIAS 


Figure 3-5. 
Diode Transfer Characteristic Curve 


Basicaily, a transistor consists of two junction diodes 
placed back-to-back with the center element being common 
toboth junctions. Connecting the common elements of two 
junctions together externally will not produce proper results, 


but when manufactured as one piece the PNP junction 
ren 


ior can be Considere 


Stonding. The diude junctions of th 


woth der potenniais, emillel 1 base in a 


and coilector to base in a reverse direction. 


= Current flow in one ty 


miGt 


opposite direction to that in the other type, and blasing 
polarities are reversed. Otherwise, they operate identically 
except that the intemal current flow in the transistor is 
considered to be the result of hole conduction for the PNP 
on conduction for the NPN ivoe. All external 
tor circuit yc electran flow us in ine election 
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Figure 3-6. 
Forward- and Reverse-Biased Junctions 


transistor action. 

3.2.2 Forword-Biased Diode Stabilization. The circuit 
of figure 3-7 employs junction diode CR1 as a forward- 
biased diode to compensate for transistor emitter-base 
tesistance variations with temperature. This type of 
circuit compensation is effective over a range of from 10 
to 50 degrees Centigrade (usually no compensation is 
needed below 10 degrees). Higher temperature ranges require 
additional compensation (see paragraphs 3.2.3 and 3.2.4). 


Cee 


Figure 3-7. 
Forward-Biosed Diode Stabilization, CE Circuit 


Under static conditions, the emitter of transistor Ql is 
biased positive with respect to the base (forward biased}, 
and current flows through Rl and external diode CR1 con- 
nected across the source voltage, Vec. In this condition, 
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CR] is forward-biased also, and the polarities around the 
circuit are as shown in figure 3-7. Current flow is light 
{on the order of 100c or less), and junction diode CR1 can 
be considered as a resistor (re about 25000 ohms). Thus 
the transistor emitter-base junction bias consists of the 
voltage drop across diode CR]. Since every junction diode 
has a negative temperature coefficient of resistance, an 
inctease in temperature causes the transistor emitter-base 
junction resistance to decrease, and would normally produce 
an increased collector current in the transistor. However, 
the resistivity of junction diode CR! also decreases with 
an increase of temperature, the diode voltage drop is lower, 
and increased diode current flow causes a larger voltage drop 
act oss Rl (which opposes the diode-developed bias}; therefore, 
less actual bias is developed. The net effect is to reduce 
the total forward bias on the transistor and thus lower the 
collector current sufficiently to compensate for the increase 
of collector current with temperature. 

The d-c secondary resistance of T1 does not offset 
the operation since the transistor base current flow is 
negligible. However, considering the collector-to-base 
reverse-bias (saturation) current, IcBo, which flows from the 
base through Tl, CR1, Voc, end Re to the collector, we 
find no compensation is provided by this circuit. The 
normal cusrent thre +h forward-biased diode CR} is so 
heavy that it effect -'y swamps the small Icpo current 
(on the order of 2or. . as compared to 75--200 jua for the 
normal current). As fa: as signal variations are concerned, 
capacitor Cl effectively bypasses diode CR] and the output 
voltage developed across Rc is applied to the next stage, 
through coupling capacitor Cec, in the conventional manner, 

3.2.3 Reverse-Biased Diode Stabilization. The circuit 
of figure 3-8 employs extemal junction diode CR] as a 
reverse-biased diode to compensate for transistor callec- 
tor-base saturation current variations with temperature. 
This type of circuit is effective over a wide range of 
temperatures when the diode is selected to have the some 
teverse-bics (saturation) current as the transistor, The 
reverse-biased diode provides a high input resistance, 
which is particularly advantageous when the preceding 
stage is resistance-capacitance coupled. 


SIGNAL 


INPUT 


Figure 3-8. 
Reverse-Biased Diode Stabilization, CE Circuit 
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Two current paths are provided by the circuit shown in 
figure 3-8. The base-emitter current (Ise) flows inter- 
nally from the base to the emitter, then externally through 
Re and Vcc, and through resistor R1 back to the base, 
and is not materially affected by diode CR1 because of its 
Jorge resistance in the reverse direction. The other path 
provides for the saturation current from collector to base, 
through CR1, Vas, and Vcc, and through collector ioad 
resistor Re to the collector. Temperature variations in the 
emitter-base junction resistance are compensated for in 
the first path by swamping resistor Re (see paragraphs 3.3.1 
and 3.4.2}, Variations of scturation current with temperature 
are compensated for by the second path, using diode CRI. 
When a temperature increase causes the transistor junction 
egturation currant ta rise. the diode saturation current also 
incteases, so that there is no chance for the IcBo current 
carriers in the junction to pile up, increase the transistor 
forward bias, and cause a consequent rise in emitter current. 
As a tesult, although the saturation current may increase, 
the emitter current does not, and there is only a negligible 
change in the total collector current. In effect, diode CR] 
operates similarly to « variable grid-leak in an electron 
tube circuit. The reverse bias permits only a few mictoamperes 
of current to flow in the base-to-emitter circuit, and main- 
tains a high input resistance, while simultaneously com- 
pensating for changes in Icgo with temperature, 
3.2.4 Double-Diode Stabilization. The circuit of 
figure 3-9 utilizes two junction diodes in a back-to-back 
arrangement. Junction diode CRI is forward-biased and 
compensates for emitter-base junction resistance changes 
with temperatures below $0 degrees Centigrade, as described 
in paragraph 3.2.2 above. Diode CR2 is reverse-biased 
and compensates for higher temperatures as discussed below. 
Forward-biased diode CR operates in the same manner 
as discussed in paragraph 3.2.2, and the parts are labelied 
exactly as in figure 3-7. 
Reversed-biased diode CR2 can be 


considered in 


Figure 3-9, 
Double-Diode Stabilization, CE Circuit 
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figure 3-9. This voltege drop is in the proper direction to 
reduce the forwad bias set up by dicde CRI and Ri: 
net effect is to reduce the total collector current, to com- 
pensate for the increase in transistor Inpo due tc temper- 
ature increase. 
The reverse-bit: 
saturation current (ls s) than 
since is consisis at the tii 
the current through F2 (Ie 
scturation current controls ti 
effectively reducing the forward bios a 
increases and stabilizing the zal lector 
Ci bypasses both diodes for ac so the bias cirenit is 
affected by signal varictic: 
3.2.5 Diode Voltage Stebillzation 


ia ate de 
us the diode 
all sie 


diwe 38 7€vEeTSC csed, 
cease, hut continues 7 
until the bic 
the breakdown voltage. 
beyond the breaxdown point, the died 
current suddeniy increases, because 
and the applied waligge fends 3 Practically co or agriatints In 
most cases this willd testroy 
heating (except in the 
Reduction of the bias below the breakdown 
retums the junction to its normal operation 
that no damage has occurred). Appiication of the oy 
phenomenon has resulted in the developmen: cf a voltage- 
stabilizing diode known as the breakdown diode, often 
called a Zener diode. 

The breakdown, or Zones, 
modified in the manufacturing process te produce a hr 
down voltage level which is closely controlled over « 
range of from 2.5 to 290 volts or more. Each Zener mie 
has a specific breakdown voltcze (and operates over 9 
small voltage range}, depending upon its design character 
istic: he selected for the desired operating 


voitage. 
Because of its unique properties, this diode has many 
uses other than the basic voitage-requiating application. 
For example, it may be used for surge protection, as an are 
Ss contact Doints), asc 
amplifier, as a reverse polari gate, or 
clement, Its basic mOpraeS wili be dis¢ 
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tain diode VR1 at the correct operating paint. When the 
input voltage rises, current through the diode increases, 

and the drop across Rl becomes greater so that the output 
voltage remains the same. Conversely, when the input 
voltage decreases, current through the diode decreases, 

and the drop across Rl becomes less so that the output 
voltage again remains the same. Should the load resistance 
decrease, and more current be required, the current is 
divided between the load and the diode to ground path, so 
that no more current is drawn through R1 and the voltage 
across VR1 remains the same. When the load resistance 
increases so that less current is required, the additional 
current is absorbed in the diode current flow to ground, 
again dividing so that no additional or reduced current 
passes through Rl, and the voltage across the diode remains 
the same. Thus through the avalanche effect, the break- 
down diode operates similarly to the electron tube type of 
glow discharge voltage requiator. 

3.2.5.1 Temperature Compensation. Forward-biased 
junction diodes have a negative temperature coefficient of 
resistance, and so do reverse-bidsed junctions until the 
breakdown voltage is reached. Once the diode is operating 
in the avdlanche-effect region, the temperature coefficient 
becomes positive and of a larger value. An uncompensated 
diode can vary as much as 5 percent (of the maximum rated 
voltage); with temperature compensation, however, it is 
possible to reduce this figure to .0005 percent (a few milli- 
volts) or better. 

Because a forward-biased junction changes resistance 
with temperature in exactly the opposite direction from the 
breakdown diode, it is possible to use one or more forward- 
biased diodes for temperature compensation. Figure 3-11 
shows a basic compensation circuit, in which CR] is a 
forward-biased diode and VR2 is the breakdown diode. 

The CRI diode is selected to have a temperature character- 
istic which is the exact inverse af the breakdown diode’s 
temperature characteristic (if necessary more than one 
diode is used in series, but usually not more than three). 
Thus the combined resistance of both diodes (CR] and VR2) 
in series remains constant over a wide tonge of temperatures 
and voltages to produce the desired compensation. The 
compensating diode must be able to pass the current taken 
by the breakdown diode, and should not introduce any 
appreciable voltage drop in the circuit (across the diode 


+ RI + 
CRI 
iN OUT 
vR2 
Figure 3-11. 


Breakdown Diode Temperature Compensation 
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itself). Fortunately, the use of forward bias produces only 
a very small voltage drop, depending on the material form- 
ing the junction (about 0.6 to 1.5 volts for silicon), and 
units with adequote current ratings are available to produce 
the desired regulation. A particular advantage of the break- 
down diode over the electron tube type of voltage regulator 
is that breakdown voltages are easily manufacturable over 
a wide range of approximately 2.5 to 200 volts, whereas 

the lowest tube voltage available is about 70 volts. 
Adequate voltage stabilization for quite a wide range of 
circuit operations and temperatures is therefore available. 
Unique applications of the preceding principles will be 
discussed in connection with applicable circuits in other 
sections of this manual. 

3.2.6 Shunt-Limiting Diode. The circuit of figure 3-12 
utilizes a junction diode connected in shunt between the 
base and emitter of the transistor as a protective peak 
limiter for transient voltages. 

Under normal circuit conditions diode CR1 is inopera- 
tive, being reverse-biased by the potential across resistors 
Rl and R2, and the tronsistor is forward-biased by the drop 
actoss Rl. When an oppositely polarized input signal (or 
noise transient) exceeds the bias voltage across Rl, diode 
CR1 becomes forward-biased and conducts, effectively 
shunting the transistor base and emitter terminals. Thus 
the base-emitter junction of the transistor is prevented from 
becoming reverse-biased by excessive signal swing. 

This peak limiting action is particularly applicable to 
transformer-coupled transistor stages because they 
develop transient voltages when the collector current is 
suddenly cut off by bias reversal. The resulting high 
collector-emitter voltage with base-emitter circuit 
reversed-biased can then produce strong intemal oscilla- 


Te. 


Figure 3.12. 
Basic Shunt-Limiting Diode Circuit 


tions and cause excessive power dissipation, which could 
destroy the transistor. In this circuit Cl is a low-resistance 
bypass capacitor to shunt Rl; it is not used to resonate 
with the secondary of Ti. 

3.2.7 Diode AGC Cireuit. Figure 3-13 shows a typi- 
cal diode AGC circuit which uses the variation of collector 
current in the second stage to contro] the diode. Proper 
bose-emitter bias of Q2 is achieved through the voltage 
divider consisting of R3, R4, and RS. (Note that at audio 
frequencies detector diode CR2 is in parallel with R3, since 
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the reactance of the transformer secondary is negligible.) 
The potential at the base of Q2 is negative with respect to 
ground and is numerically equal to Vee minus the drop 
across RS; it is just slightly negative with respect to the 
emitter. This bias, in the absence of any input signal, 
establishes the static collector current through Q2, which 
is af such magnitude that the voltage across R2 is slightly 
greater than that ocross Rl, thereby keeping diode CR1 
cut off. 


Figure 3-13, 
Basic Diode AGC Circuit 


As the carrier level of the incoming signal 
the incteased conduction through the detector diode, 
results in an increase through R4 and RS. The 
voltage across R5 reduces the negative potential at the 
base of Q2 (Vec—ERs), therely reducing the torwai a bias 
ond henc ul 
be sufficien 
@ change in 
However, 
action of 
across RZ decreases, and thé reverse bios 0: fe 
to forward bias, hen the diode i: ward: 


QL it pallectively shicae ordamps the signal. (CRI shunts 
the collector tank of Qi since the reactance of the bypass 
capacitors is small.) As a result, the input of Q2 is 

ished. Diode conduction never becomes so heavy that 
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the output of Q2 substantially constant. Since Rl is 
shunted by Cl ad C2, and R2 is shunted by C3, C4, and 
C5, the diode is not affected by the a-c signal variations, 
but is controlled only by the applied d-c bias which is in- 
directly determined by the AGC voltage across R5. 

3.2.8 PNPN Switching {Four-Layer Diode), The four- 
layer diode is atwo-terminal device which operates in 
either of two states; an open, or high-resistance, state or u 
closed, or low-resistance, state. It is effectively an on- 
off switch which con be employed as such in switching 
circuits, or it may be used as a relaxation oscillator or 
multivibrator. In the non-conducting state it presents a 
resistance on the order of megohms, and in the conducting 
state it presents a low resistance of about 20 ohms. 


INTERNAL 
DIODE 


er ore re eee 
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Figure 3-14. 
PNPN Diode Bias Conditions 


Fiqure 3-14 shows typical biasing polarity with the 
P-end connected te positive and the N-end connected io 
negative, a forward-biased condition. The internal NP 
junction, then, d and held in an almost 
nonconducting Condition; this is the resting open-circuit, 
or high-resistance, condition. As the bias voitaye 1s in- 
creased, it reaches a point which produces a condition 
similar ta avalanche breakdown in the internal junction, 
and heavy current flows, Since there is no connection to 
the internal junction except through the other semiconductor 


is reverse-b 


material, there is ¢ small resistance at full cur- 
tent flow; this is the close: t, ot low-resistance, 
condition. 

+ @ 

ON 


Basic Switching Diode Circuit 
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Figure 3-15 shows an elementary switching diode cir- 
cuit in which the diode allows the capacitor to alter- 
nately charge and discharge at a rate determined by the 
capacitor and resistor time constant. When the 
capacitor charging voltage reaches the diode breakdown 
voltage, the diode discharges the capacitor until the 
discharge voitage is unable to substain the breakdown 
condition; the diode then ceases to conduct, and the 
charging cycle begins again. 

3.2.9 Photodiodes, The photodiode is a specially con- 
structed junction diode arranged so that it is possible to 
utilize light variations impinging on ihe junction to pro- 
duce output current variations, 

Both PN and NP junctions maybe used. Operation is 
based upon the fact that photons striking the junction pro- 
duce electron-hole pairs in the junction which couse 
variations in current when the junction is reverse-biased. 
Figure 3-16 shows a typical photodiode circuit. It is 
essentially a d-c biased junction connected in series with 
a load resistance. Either current or voltage variations 
produced in the load resistance may be utilized, 


are 
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Figure 3-16. 
Photodiode input Circuit 


Normally the photodiode junction produces a slight 
reverse current in the absence of light. When light is 
focussed on the PN (or NP) junction, the current through 
the junction is increased. The amount of current is in 
proportion to the light; as the light increases, the junction 
current incredses, and as the light decreases the junction 
current decreases. The response of the photodiode is 
greatest when the light is directed exactly at the PN 
junction and drops off on either side (+0.5 millimeter) of 
the junction rather rapidly. The small physical size, high 
efficiency, low power consumption, low noise level, and 
simple circuitry ot the photodiode makes its use particular- 
ly advantageous. it is affected adversely by temperature 
changes and humidity. 

3.2.10 Tunnel Diodes. Basically the tunnel diode is 
a PN junction formed of a semiconductor mixture which is 
impregnated with more thon the normal amount of impurities. 
The resulting crystal has current-voltage transfer properties 
which ate different from those cf the normal diode junction. 

Figure 3-17 shows a typical junction diode transfer 
characteristic plotted as a dashed line, with the tunnel 
diode characteristic superimposed in the form of a solid 
line, Note that diode forward current increases with applied 
forward-bias voltage unti! point A is reached, then i: 
reverses itself and decreases with increase of appliec 
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voltage to point B; between points B and C the curve is 
similar to that between 0 and point A. The region of opera- 
tion between points A and B is a negative-resistance region 
over which the diode may be used an an amplifier or oscil- 
lator, since neqative-resistance devices ore copable of 
supplying power to the scurce instead of absorbing power 
from it. 


Figure 3-17. 
Tunnel Diode Transfer Characteristics 


The tunnel diode is also of value in switching circuits. 
Because three or more regions of operation are possible, 
it is only necessary to select the proper bias and load line 
to achieve different types of operation with the same cir- 
cuit. Figure 3-18 shows a basic switching circuit utilizing 
the tunnel diode for three different functions. Under con- 
dition A the load line is adjusted so that it intersects the 
characteristic curve at three points; two are in the positive- 
resistance region and the third is in the negative-resistance 
region. Application of a positive pulse turns the diode on, 
and application of a negative pulse tums it off; thus the 
circuit operates as an off-on multivibrator. Under condition 
B the diode is operated in the positive-resistance region 
and functions as a one-shot multivibrator, producing a 
rectangular pulse for each trigger pulse. Under condition C 
the diode load line is set so that it never intersects the 
positive reqions of the characteristic curve, and the circuit 
operates in an astable condition as a free-running multi- 
vibrator. The tunnel diode can operate at frequencies up to 
1000 megacycles at high switching speeds and appears 
particularly adapted for computer applications. 


Because of its newness, tunnel diode applications have 
been treated only lightly in this paragraph; they will be 
discussed more fully, in other sections of this techincal 
manual, in conjunction with the circuits in which they are 
used, 
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Figure 3-18. 


Diode Onerating Characteristics 


3.3 TRIODE COMMON-BASE CIRCUITS. 

In the common-base circuit, the input signal i 
into the emitter-base circuit, and the output signal is taken 
tru the collector-base circuit, withthe base element being 
commen to both. The common-base circuit is equivalent to 
the electron tube grounded grid circuit. It has a low input 
tes‘ stance (30 to 160 ohms) and a high output tesistance 
{250K to SS0K), and is mostly used to match a low-imped- 
ance clizuil to a high-impedance cirew os a maximum 
voltas + rain of about 1500 and a current gain of less thon 
1, with : power gain of 20 to 30. db. There is ne phase 
reversaj L-tweer input and output signals: both signals ore 
in-phase ana .i the same polarity. {Thot is both the input 


jected 


injected 


u 


ive and negative aitematicns. When 
put signal is positive, so is the output signal, and vice 
versa.) 
It is common practice to speak of a change of phase 

tween an input and an c-*put signal in both electron tube 
and semiconductor discuss .ons when what actually occurs 
is only a change of polaris, Actually, in the semi- 
conductor, when a iong trais:t time occurs (with respect to 
the frequencies being ampiisied}, the vuiput Signal is 
delayed in starting because of the finite time taken for the 


input signal to reach the output tee inal, This delay 


(anit time} Produces a acti 


tnen the iannd ond cutout Signe ae BES, 


may be identical, of even opposite. 


Figure 3-19. 
PNP Common Base Circuit 


wy, 


Figure 3-20. 
NPN Common Base Circuit 


The common-base connections for PNP and NPN tran- 
sistors are shown in figures 3-19 and 3-20, respectively, 
together with polarities ad extemal current paths. Emitter- 
base bias and coliector-base bics are obtained from sepa- 
rate sources so that two veltage sources are required. With 
this type of connection, it is possible to ground the base 
directly for both ac and de, if desired. The circuit tor a 
single voltage source will be discussed later, 

The semiconductor device symbol is used in figures 
3-19 and 3-20 rather than the graphical transistor symbol 
for ease of presentation ond understanding, since it better 

tea the functioning and constniction of the device. 

the PNP and NPN $ ate shown together so 
their operation can be more easily compared. Both circuits 
are forward-biased from emitter to base, and revers 
from collectorto base. The polarities of the two circuits 
are eppesite becruse the transistors Ole of opposite com 
position, andthe currents in the extemal circuit flow in 
opposite directions. Note that in the PNP circuit the ex- 
temai current {electron} flows from emitter to collector, 
while in the NPN circuit it flows from collector to emitter. 
Internally, however, the flow is always from emitter to 
collecter through the base region. (Current theory explains 
the intemal flow through the medium of ’*holes’’ for the oe 
transistor and ‘electrons’! for the NPN transistor.} The: 
current from emitter te base and another fiom collec- 
tor to DaSe] in Some instances tic. 
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in other instances they oppose each other, depending upon 
Circuit configuration, biasing, and applied signal voltages. 
The emitter current is always greater than the collector 
current, and the algebraic difference between the two is the 
base current. The base current will be discussed when it 
ts relevant to circuit action; otherwise, it will be ignored 
since it is a very small portion of the total current involved. 
In the junction type transistor, about 95 percent of the 
emitter cutrent always reaches the collector. Transistor 
action is dependent entirely upon the fact that the signal 
applied to the low-impedance input (emitter) circuit causes 
a current flow change which, when transferred to the high- 
impedance output (collector) circuit, produces 4 voltage 
gain. The current gain (a) of the common-base circuit 


is defined as anc, or the ratio of a smd! change 
E 


in emitter current to a small change in collector current 
produced by the emitter current change. ‘it is always less 
than one. ° 

A brief discussion of the basic current flow in o tran- 
sistor is included at this point because the flow of current, 
both internally and extemally, are important to a complete 
understanding of circuit action. Figure 3-21 illustrates the 
current flow in each junction separately and in the complete 
transistor. In part A, current flow is shown for the emitter- 
base junction with forward bias applied and the collector 
open-circuited. The flow extemally is by electrons from the 
emitter to the base. Internally the flow is from emitter to 
base through the majority hole cartiers and from base to 
emitter through the minority carriers. Assuming a value of 
1 milliampere for the emitter current, Is, the base current, 
Ip, is approximately the same because the collector is open 
(neglecting any extemal or intemal leakage currents). The 
hole current predominates, there being on the order of 200 
hole carriers to | electron cartier because of the P-doping 
effect. Since one milliompere of current amounts to 6.28 x 
10'* carriers per second, it can be said that the internal 
emitter current flow consists of 6.24 x 10" holes per 
second plus 3.14 x 10° electrons per second, and the ex- 
ternal flow is 6.28 x 10’ electrons per second. 

In part B of figure 3-21, the emitter is open-circuited 
and the collector-base junction is reverse-biased. Since 
teverse bias reduces current flow toa mimimum, the col- 
lector current, Ic, is actually Ico, the reverse leakage 
current from collector to base, plus any surface leakage 
effects, which are neglected in this discussion. Internally, 
there is a hole current from base to collector (minority 
carrier) plus an electron flow from collector to base (also a 
minority carrier). The minority carriers are the cause of 
current flow because of the reverse bias; the actual cur- 
tent flow is very small, being on the order of 20 micro- 
amperes {or less) for a typical transistor. Since the emitter 
is open, there is no flow from emitter to collector, and the 
base current, Ip, is approximately the same as Ico. 

In part C of figure 3-21, both the emitter and collector 
circuits are completed, forward bias is applied to the emitter, 
calling for strong current flow, and reverse bias is applied 
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Figure 3-21. 
Transistor Current Flow 


to the collector, calling for minimum current flow (consid- 
ering junction biasing only). However, because of the re- 
verse bias on the collector, the collector is connected to 
the negative supply source. Therefore, the potential hill 
across the collector junction is reduced, providing on ottrac- 
tion for the hole current diffusing through the base from the 
emitter. Thus, an easy flow of hole current is permitted and 
it accounts for most of the emitter current transfer from 
emitter to collector. As a result of base injection, however, 
there is an electron current flow from the base to emitter 
which cannot be collected through the collector because 

the collector junction barrier polarity opposes conduction 

of negative charges. Thete is also a recombination current 
which consists of holes that flow into the base; these holes 
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combine with electrons before reaching the collector and 
thereby cause an electron flow in the base lead and into 
the base. This current represents a loss, and reduces the 
amount of emitter current that can reach the collector. The 
Current through the collector junction consists of the emitter 
current which is permitted to reach the collector, plus the 
reverse leakage current, Ico. Assuming that 95 percent of 
the emitter current reaches the collector, the total current 
can be represented mathematically by a coefficient a 
(alpha) times Ie plus the saturation current Ico; that is, 
Io = ale + Ico Ql) 

The base current is the difference between the portion 
of the emitter hole current that does not teach the collector 
{the group of holes which recombine with electrons in the 
base} ond the saturation current. Therefore the express- 
ion for base current is: 

Ig = le ~ @1e) - ico ori p = le (1- ~ Teo. (2) 
Using the values of base current (20j:a), emitter current 
(1000 yza}, and alpha (.95) assumed previously, and sub- 
stituting them into formula (1) gives the following result: 
Te = .95 (1000) + 20 = 950 + 20 = 970 pa 

Using formula (2) for base current and substituting: 

Ts = 1000 (1-.95) - 20 = 50 - 20 =30 pa 

It can be seen from the numericai example that the value of 
the recombination current is 50 ja, that the base current is 
the difference between the recombination current and Ico, 
that the collector current is the sum of [co and @Ie and 
that the various internal currents can be made equal to the 
external currents. In the example above, the external cur- 
rent is that indicated in fiqure 3-21, and is an electron flow 
from emitter to collector with a smaii amount aiso tiowing 
into the base. The discussion has assumed small-signal 
conditions and the use of a PNP transistor inthe common 
base connection. When other configurations such as 
common-emitter and common-collector circuits are used, 

the values of current change somewhat because of the 
differences in input and output connections and the 

current paths between them. When the NPN transistor 

is employed, operation is the inverse of that for the 

PNP transistor, with electrons octing os majority 

cartiers and holes as minority carriers. For dorestgncl 
conditions, operation is slightly different ond w: 
discussed at the appropriate point in the circuit discussions 
in other sections of this technical manual. 

Figure ae (snow Some shows 9 sme!l input 


operates over the linear portion of its a4 nic te 
characteristic, and is resting in a quiescent state 
accordance with the d-c potentials acolied (similar to 
electron tube class A operation}, Assuming a Sine- 

wave input, it is apparent that as Ven increases to 

its maximum positive velue the forward-dics between emitter 
and base is increased, causing the emitter-base junction to 
produce an increased current flow, which passes through 
the extemal circuit and eventually iinouyh colle load 
tesistor Rc. The increase of current through Re causes an 
increased voltage drop in the positive direction, so that as 
the input signal reaches its positive maximum so does the 
ovrnut sinnal. Therefore, both signals 
ond of the same polarity. 
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On the negative swing of the input signal, as the neg- 
ative signal voltage is added to the positive forward bias, 
the result is a reduction of the bias and less emitter current 
flows. In tum, a reduced collector current flow through Re 
tesuits in a decreased voltage drop across Re and produces 
@ reduced output voltage; the negative going output siqnal 
temains elfectively in phase with the same polarity os the 
input si 

The NPN circuit shown in figure 3-20 functions 
but inversely to the PNP circuit; that is, on the positive swing 
of the input voltage, the collector current is reduced, and 
the drop across Re is less negative (or more positive}, On 
the negative input cycle forward bias is increased, and the 
collector current produces a greater negative drop across 
Re; thus the output voltage also follows the input voltage 
in phase ond polarity. 

3.3.1 Bias (Common Bese). Transistors are normally 
biased by placing a forward voltage on the emitter-base 
junction (increasing the bias voltage couses increased 
emitter and collector current flow), end a reverse pr y 
voitage ‘on the collector junction, The oper if (or bias) 
point is determined by specifying the cot no-signal 
(quiescent) values of collector voltage and emitter current. 
Biasing circuits and arrangements ate varied; separate 
supplies such as batteries are commonly used, as well as 
so called self-bias arrangements, voltage dividers across 
the collector supply, and other transistors or diodes. 

The common-base circuit is usually restricted to the 
use of separate bias for the emitter-base junction or to 
a voltage-divi der rangement using a single voltage supply 
which serves as the Ghilecioi-base 5: 
3-22 illustrates a typical single-supply type eal ‘ator senenth 
Resistors Rl and R2 form « voltage divider across the 
collector supply, with the base connected at their junction 
and the emitter connected to the high side of the supoly. 
Thus the emitter is always at the highest potential, the base 
is at 0 lower potential becouse of the voltage drop across 
R] due to the current from the supply source flowing 
through the voltage divider, and the collector is at the 
lowest potential. The difference in potential between the 
emitter and base represents the forward bias applied to the 
emitter-base junction. For a PNP transistor, as shown in 
figure 3-22, forward bias is achieved by making the emitter 
positive with respect to the base; for an NPN transistor, 
the polarity of the source is reversed, and the emitter is 


arly 
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negative with respect to the base. Although the value of 
Ri is normally low, it may be necessary in some cases for 
Rl to be bypassed with a very-low-reactance capacitor, to 
assure that the base is well grounded for ac. 

The common-base configuration offers almost ideal 
thermal compensation, since the input resistance (Re) 
in the emitter circuit acts as q swamping resistor, and 
changes in collector current with temperature are minimized 
by low base-to-emitter resistance. See paragraph 32 for 
a discussion of diode circuits for stabilization of bias, and 
paragraph 3.4.2 for a discussion of emitter swamping 
Tesi stors. 


3.4 TRIODE COMMON-EMITTER CIRCUITS. 

In the common-emitter circuit, the input signal is injected 
into the base-emitter circuit and the output signal is token 
from the collector-emitter circuit, with the emitter element 
being common to both. The common emitter is equivalent 
to the electron tube grounded-cathode (conventional) amplifier 
circuit. It has a somewhat low input resistance (500 to 
1500 ohms) and « moderately high output resistance (30 K to 
$0 K or more), and is the most commonly used transistor 
circuit configuration. It is widely used for a number of reasons. 
Because the input signal is applied to the base rather than 
the emitter, a considerably higher input impedance is obtained 
than in the common-base circuit. High power gains are 
obtainable (25 or 40 db), and an actual current gain is 
possible (from 25 to 60 or better). The actual voltage gain 
is slightly less than that of the common-base circuit 
because of the higher input impedance, but this is partially 
off-set by the current gain; in practice, voltage gain values 
of 300 to 1000 (or better) are obtained. Because the signal 
is applied to the base, a polarity reversal takes place, 
making the output signal of opposite polarity to the input 
signal, as in the conventional electron tube amplifier. 

The common-emitter connection for PNP and NPN 
transistors is shown in figures 3-23 and 3-24, respec- 
tively, with polotities and extemal current paths. Sase- 
emitter bias is obtained from a separate supply than that 
of the collector-base junction so that two voltage sources ore 
tequired, With this type of supply connection it is possible 
to directly ground the emitter both for ac and de, if desired. 
Single voltage supply circuits will be discussed later. The 
PNP and NPN circuits are shown together for ease of com- 


Figure 3-23. 
PNP Common-Emitter Circuit 
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parison of operation. Both circuits ore forward-biased from 
emitter to base and reverse-biased from collector to 
emitter. Current flow and polarities in both circuits are 
opposite because of the difference in material from which 
the transistors are manufactured. 

Carrent flow is from the emitter to the collector through 
the base region as in thecommon-base connection, and, 
likewise, only a smal! amount of current is diverted in the 
base-to-emitter circuit. Transistor action also depends on 
the fact that a small change of current in the low-resistance 
input circuit produces a voltage gain when applied to the 


Figure 3-24. 
NPN Common-Emitter Circuit 


high-impedance output circuit. But unlike the common-base 
circuit, the current gain is not based on the emitter-to- 
collector current ratio alpha (9); instead it is based on the 
base-to-collector current ratio beta (8) because the signal is 
injected into the base, not the emitter. Therefore, since a 
small change of base current controls a large change in 
collector current, it is possible to obtain considerable 
current gain (a value of 60 is not unusual). Since the collector 
load resistance, Re, is less than the load resistance of 

the CB circuit, less voltage gain might be expected. How- 
ever, the increased current in the collector produced by 
current gain off-sets the loss of output resistance, so that 
the voltage gain is nearly comparable to that of the CB 
circuit. By manipulation of circuit constants and selection 
of transistors, the voltage gain can be made to exceed 

that of the CB circuit. 


Beta is detined as 8 = aac with Vo constant, and 


is related to alpha of the CB circuit by 8 = ae 


thus the closer ais to 1, the larger is 8; as a approaches 1, 8 
approaches infinity. 

Figure 3-23 shows a small input signal (ven) applied to 
the baseof the PNP transistor. The circuit is biased to operate 
over the linear portion of its dynamic transfer characteristic, 
and rests in o quiescent state determined by the static d-c 
potentials applied (similar to electron tube class A operation). 
Assuming a sine-wave input, it is apparent that, as Ven 
increases to its maximum positive value, the forward bias 
is reduced, less current flows in the emitter and collector 
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circuits, and the drop across the collector output resistor 
{Rc) becomes less, producing a negative-going voltage. 
Conversely, as the input signal swings negative, the forward 
bias is incteased and more emitter and collector current 
flows. The increased voltage drop across Re is ina 
positive-going direction, and the output signal reaches 

a positive maximum. Itis evident that, since the output 
signal is at apositive maximum when the input signdl is 

at a negative maximum and vice versa, the input and output 
polarities are exactly opposite. Therefore, the common- 
emitter ciccuit is similar to the vacuum-tube common- 
cathode circuit, producing a polarity reversal of the input 
signal (although not strictly accurate, this polarity 
reversal is commonly spoken of as o phase difference). 

TS y uit shown in figure 3-24 functions similar- 
ly but inversely to the PNP circuit. Thatis, wnen the 
input signal is positive, the forward bias is increcsed, ond 
the collector current increases and produces a negative- 
going output across R-. On the negative input cycle, the 
collector output is positive; therefore, this circuit also 
produces an out-of-phase signal of opposite polarity. It is 
evident, then, that the common-emitter circuit always pro- 
duces a polarity reversal of the input signal. 

3.4.1 Blas Circuits (Common-Emitter). Because the 
common-emitter cirquit is more frequently used, it has a 
greater variety of biasing schemes than the other con- 
figurations. The basic principles though remain the same’ 
that is, the emitter-base junction must be forward-biased 
while the collector-base junction is reverse-biased, and 
the d-c no-siqnal values of base current and collector 
voltage specify the operating point. 

Figure 3-25 illustrates a method of using two supply 
sources to produce a PNP emitter-base bias arrangement 
which series-aids the collector supply. [t is evident that 
the emitter-base bias voltage is the voltage of the emitter- 
connected source, while the collector-emitter voltage 
is the total voltage between emitter and collector, or both 
sources in series. For an NPN transistor the polarities 
are reversed, 


Figure 3-25. 
Series-Aiding Bias Circuit, PNP 


The connections for a single voltage supply source 
biasing arrangement are shown in figures 3-26 and 3-27. 

The circuit of figure 3-26 is a voltage divider, fix: 
bias arrangement, with Rl ond R2 connected across the 
aollector supply, and the base connected at their common 
connectic: is kept ot 9 lower positive 


et ies dae 
8 therefore weqative with 


potential thar 
tespect to the emitter. 
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Figure 3-26. 


Voltage-Divider (Fixed) Bias, CE Circuit 


A self-biasing arrangement is shown in figure 3-27 
which involves the intemal resistance inherent in the 
transistor junctions and is similar to the contact bias of the 
electron tube. The emitter is at the highest positive 
potential, ond the collector is at the lowest negative potential, 
so the emitter-collector relationships are cormect. Since 
the base is sandwiched between these elements md floating, 
it is at some intermediate value, determined by the intemal 
résistance parameters and the intemal current flow. The 
potential between the emitter and base must be kept to a 
small value compared to that between the collector ond base. 
This is achieved intemaily by the high-resistonce action 
of collector-base junction and the low-resistonce action 
of the emitter-base junction, which provide the desired 
valtage relationship. The supply voltage polarity is reversed 
for NPN transistors. By placing resistor Rp (shown dotted 
in figure 3-27) from base to emitter, the base is effectively 
biased off and less base current (Ig) flows, The collector 


current is reduced by = for each 1p microompete, and 


more economical operation is achieved by reducing the 


Figure 3-27. 
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is connected in series with the emitter, and the voltage 
divider made up of Rg in series with the internal emitter- 
base resistance, determines the proper bias potentials. 

The voltage across Rp is subtracted from that of the bias 
supply to determine the actual input bias. Collector resistor 
Re is chosen to produce the desired operating collector 
voltage. The polarity of the supply voltage is reversed for 
NPN transistors. 


QUT 


Figure 3-28. 
PNP External Self-Bias CE Circuit 


3.4.2 Bios Stabilization. The discussion of the diode 
stabilization circuits paragraphs 3.2.2 through 3.2.9, to- 
gether with the discussion in this paragraph, covers basic 
thermal stabilization circuits. Since a qumber.of variations 
of the circuits discussed below are possible, any other 
special circuits will be discussed in the sections of this 
manual as they appear. Stabilization as discussed here 
will be confined to thermal considerations; voltage stabiliza- 
tion is discussed in paragraph 3.2.5. 

The no-signal, d-¢ values of collector voltage and 
emitter current are determined by the applied bias, which 
sets the operating point of the transistor. Under ideal 
conditions temperature would not affect the bias and the 
circuit would be thermally stable. Actually, however, a 
temperature increase causes an increase in the flow of 
reverse-bias collector (saturation) current (IcBo}, and the 
increase in Ic¢go causes the temperature of the collector- 
base junction to increase with a consequent increase in 


saturation current. As this action continues, distortion occurs, 
and the transistor is rendered inoperative or it destroys itself. 


To reduce thermal instability (runaway), tow values ot 
Tesistance, rather than high values, must be employed in the 
base circuit. Refer to paragraph 3.2.3 for the discussion 

of o reverse-biased diode which decreases its resistance 
with an increase in temperature. 

Another consideration is that the emitter-base junction 
of a transistor (or a diode) has a neqative temperature 
coefficient. That is, as the temperature increases the 
emitter-base resistence decreases, causing a larger flow 
of collector current in addition to the flow of saturation 
current discussed above. To correct this condition Re, 

a large-value resistor (swamping resistor), is placed in the 
emitter circuit, where it produces a resistance stabilizing 
effect (see figure 3-29). Actually, in this case the variation 
of emitter-base resistance with temperature is such a small 
portion of the over-all emitter series resistance that it exerts 
little effect on the over-all operation of the circuit. 
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Figure 3-29. 
Emitter Swamping Circuit 


In figure 3-30 resistors R; and Rp operate as a voltage 
divider across the collector voltage supply source to supply 
negative (forward) bias to the base-emitter circuit. This 
arrangement allows a single voltage supply to be used for 
both bias and collector voltages. When the value of Ri 
together with Re in parallel is less than Re, the effects of 
voltage-divider voltage stabilization and the thermal com- 
pensation provided by the swamping effect of Re combine 
to offer a more stable bias circuit. Unless the proper 
ratio is maintained, no compensation is achieved. The 
stabilization is improved as the quantity 


He. Ry R aches zero, 
ran ff eee 


Figure 3-30. 
Voltage-Divider Bias and Emitter Swamping Stabilization 


Capacitor C] bypasses Re for signal variations; other- 
wise, degeneration would be produced by the swamping 
resistor. The capacitor is chosen to have a reactance about 
one-tenth that of the swamping resistor at the lowest 
frequency to be passed. 

The circuit of figure 3-31 is a variation of that of figure 
3-30; it uses only voltage-divider stabilization, the emitter 
swamping resistor being omitted. In this circuit, Rl and R2 
form a voltage divider across the collector supp!y, and the 
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effective bias is essentially the voltage existinz at the 
junction of Rl and RZ. A large resistor, Re, is 
from the divider junction point to the base to pro 
higher input resistance and avoid the shunting effect of R2 
(R2 is small in value because the base-te-e: k 
only a fraction of a volt), The stabiliz 
circuit is provided by the voltage divider ‘cione, since 
divider is less affected by variations in element curs 
voltages than are self-bias arrangements. The disadvantage 
of this circuit is that it consumes mote d-c power because 
of the voltage divider; the circuit of figure 3-30 is prefer- 
able because of its increased stability. 


ts or 


Figure 3-31. 
Voltaae-Divider Bias 


tter-base tc 


Another method of compensating fo 
sistance change with cempereture 53 1 
voltage which is proportional 
per degree. An equivalent method is to corresgendin 
reduce the forward bias applied the circuit. See 

Tn tiqure 3-32, the circuit ot cart A repres 
and dec feedback. When resistor 
and bypassed by canacitor C as shown 


Figure 3-32. 
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the collector becomes less negative because of the larger 
positive voitage dros in tesisicr Rc. Since the drop across 
c opposes the initial bias, iess forward bias is applied to 
the base through feedback resistor Rr, and the collector 
curtent automatically decreases to the original value (provid- 
ed that the proper feedback ratic is aaintaie)s There are 
twe other types of compensation for the circuit in port A of 
fiqure 3-37; volinqedivider stabilization through Re and 
emitter current feedback through Re. 

in figure 2-33, three variations of the voltage ieedback 
Cirouit are shown. The circuit of bart A tepresents voltage 


wil either inctease or decrease the bias applied through Hr 
an cart 6 of Nigure 3-33, the addition of resisior Ra 


Dias Supply 80 that 


in 3-330. current fasdnaick through 
emitter resistor Re is added, md when the resistor Ra 

shown dotrec is ciso added, a combination of voltage and aut- 
tent teedbock together with voltaqe-divider stabilization 

is obtginec, and the circuit is identical to that of figure +32. 


stability is offered. 
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tange. In this respect, semiconductor diodes provide much 
mote ideal compensation, This method of stabilization is 
identical in concept to that described in paragraph 3.2.2. 


Figure 3-34, 


Thermistor Base-Bics Compensating Circuit 


A number of thermistor compensation circuits have been 
developed, but they all use the same principle of changing 
bias inversely with temperature to compensate for the change. 
Figure 3-35 shows an emitter bias compensator, in which 
the base bias is provided by a voltage divider consisting 
of Rl and R2, and compensating emitter bias is provided by 
R3 and the thermistor. The drop across R3 applies a re- 
verse bias to the emitter as the temperature increases, re- 
ducing the emitter current correspondingly. 

Nomnally ideal thermal compensation, as well as a 
teduction of the number of parts required, can be achieved 
by the use of crossconnected transistors arranged so that 
the element voltages or currents of one transistor compensate 
for thermal variations by producing correction voltage or 
currents in the other, while both transistors operate as 
amplifiers. For example, it is possible to use the variations 
of the emitter~base junction resistance with temperature of 
one transistor to control the emitter-base bias of a second 


Figure 3-35. 
Thermistor Emitter-Bias Compensating Circuit 


transistor, or to stabilize the emittet-collector current of 
one transistor with the stabilized emitter-collector current 
of another transistor. Since these circuit arrangements 
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become rather involved, they will be discussed os special 
Circuits at oppropricte points in other sections of this tech- 
nical manual. However, since thermal compensation is an 
important part of the d-c amplifier, its use in a two-stage 
stabilized unit is discussed below. See figure 3-3. 

In the cireuit of figure 3-36, on increase in collector 
current produced by a temperature tise in transistor Q] 
reduces the forward bias of tronsistor Q2. Transistor Q! is 
connected as a C3 amplifier, which basically has an ideal 
Stability foctor. Nevertheless, a very slight variation of 
collector current will occur with temperature variation. This 
slight temperature variation is the result of reverse 


Alcbol+Alcbo2 


Figure 3.36. 
Temperature-Stabilized D-C Amplifier 


leakage current (I¢go) caused by the internal flow of minor- 
ity carriers (electrons) from collector to base. The reverse 
ledkage current is substantially independent of collector 
voltage and mainly dependent upon temperatute, being con- 
stant for a specific temperature, and increasing with temp- 
erature. The effects of tenperature-caused variations of 
the base-emitter resistance of Q1 are minimized by the 
relatively large swamping resistance offered by Re, 
and will not have my appreciable effect on the collector 
current, Ic. Thus, while the emitter junction is essentially 
stabilized, the opllector junction is not. Although the 
collector junction is reverse-biased for normal forward 
current, this bias is actually a forward bias for revetse 
current. Therefore, the reverse current flow can reach 
values as high as 5 milliamperes. Although this high reverse 
current des not lead to thermal runaway, it does change 
the parameters, causing a change in the operating point 
and resulting in improper circuit operation, In addition, 
since the two transistors are direct-coupled, current changes 
in Q1 will be amplified by Q2, causing a much greater shift. 
While the total base current, Ip, is the net result of Icgo 
plus the base-emitter current, the current of interest is the 
very small (incremental) changes of reverse leakage current, 
Alcgo, with temperature; for this explanation then, the 
absolute values of base current may be disregarded. 
Referring again to figure 3-36, it is evident that the main 
current path for Icgo1 is through Re1, the collector-base 
junction of Ql, and Voc. An additional current path which is 
also the path of Iogo2, is provided through Rez, the 
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collector-base junction of Q2, Rs, the collector-base junc- 
tion of Ql, and Voc. Any incremental change of Icpoi and 


of Icpo2 + [epo1 will produce an incremental change in the 
voltage drops across Re: and Rg, respectively. The change 


in voltage across Rc; will be in a direction to decrease the 
forward bias of Q2 (see polarity indicuted in figure 3-36), 


while the change in voltage across Rx will be in a direction 


which increases the forward bias of Q2. It the values ot 
Re. and Rg are chosen so that the incremental] chunge of 
voltage across Rc. is slightly greater than the incremental 
change across Ra, then a thermally caused increase of 
collector current will be compensated for by a reduction of 
the forward bias cf transistor Q2. 

The discussion above considers only the very small 
chenges in current produced hy temperature variation in the 
collector junction of (1; it does not consider tne static 
operating conditions nor signa! variations. Noi ee 
operates Gs c conventional C3 amplifier then 


supply Ves. The input signal is applied acrass Re 
and amplified by Q1, appearing across Rc as a direct- 


coupled input to the base of Q2, a conventional CE amplifier. 


The output of the two stages is developed actoss collector 
load resistor Rez. The collector supply for both stages is 
taken from the single Vec source. For a complete dis- 
cussion of d-c amplifiers, see D-C Amplifier Cirquits in 
Section 6 of this technical manual. 


3.5 TRIODE COMMON-COLLECTOR CIRCUITS. 
In the common-collector circuit, the input signal ts 
infected into the bese, and the output signal ts taken from 


the emitter, with the collector being common to both cirauits. 


The common-colle ctor Greuit is equivalent to the electron 
tube cathode-follower arcuit. [t has a high input resis- 
tance (2K to 500K) and a low output resistance (50 to i500 
ohms). It has a current gain similar to that of the common- 
emitter Cirouit, put a lower power gain then either the C3 oF 
CE circuits (10 to 20db). The output signal is in phase 
and the volt- 
it is used 
tion of cutput 
stages; thus its function is similar to that of the electron 
tube cathode follower, It has the ability to pass signals in 
either direction {bilateral cperation), a feature which is 
particuiariy useful in swit 
ures 3-37 aid 3-3t 
collector connections. 
current peths. Baseemitter nias and coliector-bese junc 
tion voltages are obtained from separate supplies so that 
two voltage sourcesore required. Simal voltage supply 
Circuits are discussed under Giasing Artongements (pu 
agraph 3.5.1 CF. CB 


ing Citcuilly. 


S.L. Asin the CF and CB discussions, the 
PNP and NPN circuits are shown ether tor ease of 
comparison of operation. Both circuits are forwerd-bicsed 
from emitter to base and teverse-biased 
emitter. lhe cutrents ond poigities in both ck 
site because of the different types of germanium used, 
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Figure 3-37. 
PNP Common-Collector Circuit 
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Figure 3-38. 
NPN Commos-Collector Circeit 


The current flow and transistor action of the CC direuit 
ae as expiained for the common-base connection, but the 
current gain is noi based on the emitter-to-collector current 
ratio, alphe (a). ‘Instead, it is based on the emitter-to-base 
curtent ratio, gamme (7), because the output is taken from 
the emitter ciroult. Since 4 small change in base current 
controls a large change in emitter (and collector) current, 
it is still possible to obtain considerable current gain. 
However, since the emitter current qain is offset by the low 
output resistance, the voltage gain is always less than 
unity, exactly as in the electron tube cathode-follower cir- 
cult, 

Common-collector cutrent gain, gamma ()), ts defined 
as v= Ate with collector voltage constant, ond is related 

B 
to collector-to-emitter current gain, alphe (a), of the CB 
circuit by the formula: y a a 
l-a 

In the PNP circuit of figure 3-37, a small input signal 
(vpe) is shown applied between base and collector of the 
transistor. The circuit is biased to operate over the linear 
portion of its dynamic transfer characteristic, and rests in 

f state determined hy the static dc potentials 
cppited {similar to electron tube class A operation}. As- 
suming ¢ sine-wave input, it is apparent indt G8 Vpc in- 


co cues: 
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creases to its maximum positive value the forward bias is te- 
duced. Thus, the emitter and collector currents are reduced, 
producing « decreased voltage drop actoss the emitter output 
resistor, Ke, and producing a positive-going output voltade. 
Conversely, as the input signal swings negative the forward 
bias is increased and more emitter-collector current flows. 
The increased voltage drop across Re is in the negative- 
going direction, and the output signal reaches a negative 
Maximum. Since the output signal varies in the same dir- 
ection as the input voltage, both reaching their positive and 
negative maximums simultaneously, it is evident that these 
signals are in phase. Therefore, the output of the common- 
collector circuit is of the same phase and polarity as the 
input signal and no phase reversal is produced, just as in 
common-base operation. 

The functioning of the NPN circuit shown in figure 
3-38 is similar to, but the inverse of, the functioning of the 
PNP circuit, When the input signal is positive, the forward 
bias is increased (its polarity is opposite ta that of the PNP 
Circuit bias), and the emitter current increases and produces 
@ positive-going output across Re. On the negative input 
cycle, the emitter output is negative; therefore, the output 
of this circuit is also of the same phase and polarity as the 
input signal. Thus, the common-collector circuit always 
produces an in-phase output signal, regardless of the type 
of transistor used, 

3.5.1 Blos (Common-Collector), Common-collector bias- 
ing schemes are similar to those of the CB and CE con- 
figuraticns, and the basic principles ate the same. That is, 
the base-emitter junction is forward-biased, the base- 
collector junction is reverse-biased, and the d-c, no signal 
values of base current and collector voltage specify the oper- 
ating point. 

Figure 3-39 shows a series-aiding bias arrangement in 
which two voltage supplies are used. This arrangement is 
similar to that for the CE circuit shown in figure 3-25, and 
the operation is also similar, In figure 3-40 a single voltage 
source bigs arrangement is shown. Note that the flow of 
cuttent through Rg is in a direction which produces a volt- 
age drop that opposes the applied bias and collector voltage. 
The actual bias is the algebraic sum of the two voltages. 
Polarities and current flow are opposite for NPN circuits, 


ouT 


Figure 3-39. 
Series-Aiding Bias Circuit 
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Figure 3-40. 
Self Bias Circuit 


3.6 TETRODE, POWER, AND SPECIAL PURPOSE 
CIRCUITS 

Tn this potagraph, various types of tetrodes, power con- 
siderations and power transistors, and special purpose 
transistors and their basic circuitry are presented. While 
it is possible that many of the special purpose items will not be 
encountered in Naval equipment, information on these items 
has been includedbecause of the rapid advances in the 
state of the art. It is anticipated that, in later revisions 
to this publication, the information conceming those items 
which have the greatest application will be expmded and the 
information concerning those which have little use will be 
deleted or will indicate their limited application. 

3.6.1 Tetrodes. The addition of a fourth element to a 
transistor produces a tetrode transistor. Both junction and 
point-contact transistors can be formed into tetrodes. In 
the junction transistor the fourth electrode is essentially 
another base electrode (82), whereas in the point-contact 
type it is essentially another emitter (E2). 

3.6.1.1 Junction Tetrode {Double-Based Transistor). 

The junction tetrode consists of a conventional junction 
transistor with another base electrode {B2) added on the 
side opposite the B! connection. The addition of proper bias 
between the base electrodes decreases the collector cap- 
acitmce and the bese resistance, and thus improves the 
high-frequency response. As compared to a conventional 
junction transistor which has a high-frequency cutoff of 
approximately 30 mc, a tetrode will have good response up 
to 200 me. 


Vea, 


Figure 3.41. 
Junction Tetrode Circuit 
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Figure 3-41 shows the basic tetrode circuit. The NPN 
transistor is used asan illustration for ease of explaining 
the operation. The tetrode is connected in the same mamner 
as a triode, with forward emitter-junction bias and reverse 
collector-junction bias. Between base i and base 2, 
however, « large value of voltage is connected {on the order 
of volts as compared with tenths of a volt}, usually about 
Since the pose material is a semiconductor and tht 
points of application are on opposite sides, there is a de 
finite resistivity between Bi and 22 whicn produces 4 
uniform drop across the base (if the base were chmic, a 
short circuit would ensue). Since the apolied base bias is 


6 volts. 


negotive ond large, it blocks electron current flow through 
all parts of the base region, except for c smell volume 


the small controlled Sidce eround the ii terminal (as shown 
in figure 3-42). This effective seduction of the volume of 
the base region reduces the resisiance ts 3 


Noster capacitance 
se-oollectar capacitmee 


The over-all result is to improve tne nigh-frequency 
response of the transistor. 

Since the entire base area is not available for cur- 
rent passage, the over-all current gain of the tetrode tran- 
sistor is less thon that ot the triode type. At the higher 
frequencies {above 30 mc}, the performance of the tetrode 
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Figure 3-42. 


Tetrode Action 
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Figure 3-43. 
Spacistor Circuit 


area than that of the N-region. The P-region acts as the 
base and the N-region as the collector. By the use of a large 
reverse bias (on the order of 100 volts}, a strong electric 
fieldis epoddeed actess the junction, but because of the 
reverse bias only o smad! reverse current fiows. An emitter 
connection (called the injector) is made on the large N-deple- 
tion area of the junction, and it is also reverse-biased. The 
emitter bias is chosen so that itis less thm the collector 
bies, and an electron current flows from the emitter to the 
ooiiector electrode. ‘ihe magnitude of this election Guirent 
is proportional to the difference of voltage between the 
itter and collector, and, hecmse of the intense electric 
field through which it flows, the transit time is very small. 
A fourth electrode (called tte modulator) is connected to c 
smali piece of P-type material which forms mother PN 
junction with the large N-depletion area, and is located 
vety close to the emitter connection. While the modulator is 
positively biased, it is less than the collector bias, so that 
the modulator is effectively reverse-biased with respect to 
Therefore, practically no modulator current 

2 input resistance {sefveral megohms) is 


obtained. When the modulator bias is varied, os by on input 
signal 
, 


the current flow between the emitter dnd coliector 
Thus the modulator electrode acts 
a the aidof a electron tuhe, ond the emitter acts 
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Conventional vacuum-tube wixer, but it operates Detter at 
high freqiencies. Itis superior to the conventional crystal- 
diode or triode mixer. 

The mixer tetrode is constructed with two emitters md 
one allector as shown in figure 3-44, The emitters are 
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Figure 3-44. 
Crystal Mixer Tetrode 


located at equal distances on opposite sides of the collector 
so that both emitters have the seme effect on the ovllector. 
The collector output is equal to the sum of the outputs it 
would have if each emitter were opefoted separately, pro- 
vided that the collector is not given into saturation. 

3.6.1.4 Point-Contact Tetrode. The conventional point 
contact four~element (tetrode) transistor differs from the 
specially constructed crystal-mixer tetrode discussed above 
in both operation and construction. Emitter No. 2 in the 
point-contact tetrode is spaced a greater distance from the 
collector than emitter No. 1. Both emitters are forward- 
biased ond the oollector is reverse~biased, as in o junction 
tronsistor. When emitter No. | is connected ond emitter 
No. 2 is left open, the transistor operates like a conventional 
triode with @ current gain of 1.5 to 3. When emitter No. 2 
alone is used, because of the greater spacing from the onl- 
lector, the current gain is small (about 0.2), When doth 
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Basic Point-Contact Tetrode Circuit 
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emitters are used together, the current gain of emitter No. 
lis enhanced considerably, from 4 to 8, which is roughly 
2-1/2 times the original value. Emitter No. 2 may be used 
as an input control element, if desired, and tne current gain 
will very according to the input signal. 

The increase in current qain when both emitters are 
properly biased and operated simultaneously results from 
the fact that the concentration of holes injected by the 
first emitter attracts electrons away ftom the base region, 
between the second emitter and the collector. This reduces 
the possibility of electron-hole recombinations and enables 
many of the second-emitter injected roles to reach the col- 
lector, thereby increasing the flow of collector current. 

3.6.2 Power Tronsistors and Considerations. Power 
transistors use special construction and design oonsidera- 
tions to achieve rated output. The conventionaltransistor 
is usually operated at low voltages ad low values of cur- 
Tent, whereas the power trmsistor is operated at relatively 
high voltages and high currents to produce power outputs. 
The classification of power transistors, however, is some- 
what arbitrary, and does not indude the same order of velues 
as used for electron tubes. For example, tronsistors of from 
2 to 50 milliwatts are classed as non-power types, from 50 
milfiwatts to S00 milliwatts (1/2 watt) as low-power types, 
from 500 to 1000 milliwatts (1-watt) as medium-power types, 
and all over 1 watt as high-power types. 

Because the transistor is a nonlinear device, it does not 
tespond to large signals (where variations in collector voltage 
and current are a significant fraction of the total range of 
of operation) in the same manner as it responds to small sig- 
nals; hence, small-signal parameters are used to define non- 
Power (linear) operation, and large-signal parameters are 
used to define power (nonlinear) operation. Small simals 
con arbitrarily be defined as those which are less than | wilt, 
and large signals as those which ore greater than 1 wlt. 
Since itis possible to have a small signal driving a power 
amplifier, it can be seen that sometimes either parameter 
can be used to predict circuit performance with good 
approximations. 

While both point-contact and junction transistors can be 
used as power amplifiers, the point-contact type is usually 
limited to values not greater thon 1 watt. This limitation is 
due to the fact that the point contact is unable to camy ¢ 
heavy current without excessive heating and consequent 
damage to the transistor. 

The power trmsistor must be able to dissipate the 
intemally generated heat while opercting at the increased 
temperature resulting from its own heat. It must also be 
able to operate at high currents and voltages without breoking 
down or causing excessive non-linearity (distortion). 

Since the junction transistor does not concentrate the heat 
around a point source, but spreads it throughout the junction, 
it has a definite advantage for power use. Both NPN 

and PNP junctions may be used, and they operate fundamen- 
tally the same regardless of the method of mmufacture 
(grown junction, diffused-junction, alloy junction, etc). 

The current rating of a power transistor is the maximum 
collector cument that can safely be carried by the tran- 
sistor, without exceeding the power rcting, causing intemal 
damage, or producing an exces: loss of current gain at 
higher emitter currents. 
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The voltage rating of a power transistor is the voltage 
for which a specific leakage current occurs for a specific 
circuit configuration ond operating current. 
The power rating of the transistor is the maximum 
permissible power which may be safely dissipated by the 
unit without exceeding the maximum junction temperature 
ond ca © a period of time. 


ond cou age instmtoneasly or 


dom 
ing damage instan 


The saturation voltage is the value below which the 
collector voltage cannot be further reduced, even by increasing 
the input current. 

The thermal resistance of a transistor is the ratio of 
the difference in actual power rating with respect to the rise 
of temperature of the transistor. It is commonly expressed 
in degrees centigrade/milliwatt, or watt. 

‘thermal runaway is the condition whereby o smaii in- 
ctease of collector leakage current occurs, because of on 
increase in the ambient temperature of the junction, and 
causes an increase in junction temperature 
causes amotner increase of leakuge current, 
burids up in an exponential mannet, until cumplete themal 
tunaway occurs, permanently damaging the transistor. 

The power transistor is most sensitive to thermal runaway 
when it is operating near its maximum collector dissipation 
value and no thermal compensation circuitry is used. See 
paragraph 3-2 for a discussion of thermal stabilization 
Circuits. 

Either of two general methods is used to provide for 
heat dissipation and improve the power-handling capability 
of a power transister—the use of a so-called infinite heat 


the wansisior 


Sink of liquid cooli 
sists of @m integrally constructed base mount, usualiy made 
of copper, plus a physical onnnection from the transistor 
shell to the collector. The base mount usually is directly 
Connected to the chassis, which serves as the infinite heat 
sink, In cases involving high power, a special heat sink 

is provided, including fins for heat radiation tnto the sur- 
rounding air, and sometimes the wansistor shell is provided 
with fins. Where the transistor cannot be grounded directly 

to the chassis, it is usually insulated from the chassis by 
Liquid cooling is accomplished by sealing 
cling agent in the transistor case and aliowina liquid 


a cooling agent in 
convection to the metal case to provide the transfer of the 
heat to the air. In extreme cases, 9 circulating system is 


provide and the trons! ef in the cooling liqnid 


a thin mica sheet. 
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on one half of the input cycle and that the other transistor 
works on the other half of the cycle. The out-of-phase 
Outputs are added at the proper time (in in-phase) to produce 
mn output from the load resistor which is equal to the com- 
bined effect of the collector currents. 


Figure 3-46, 
Complementary-Symmetry Push-Pull Circuit 


Power transistors are used in audio, video, and rf 
applications where outputs are required to operate electro~ 
magnetic or electrostatic output devices, in switching cir- 
cuits, and in power circuits as substitutes for relays. 

They are especiaily advantageous when used as power con- 
verters to supply high voltage de or oc from low-voltage 

d-c supplies to mobile, aircraft, or marine equipment. 

They provide increasea efficiency o! of oonversion and eliminate 
i hunicul, and interference problems en- 
PUBS with vi prators, generators, or dynamotors. 

3.6.3 Specie!-Purpose Transistors ond Circuits. The 
special-purpose transistors and Circuits discussed in the 
ing paragraphs are representative of the present state 
ot the @t. Wiscussion is limited to the salignt points cun- 
sidered necessary for the user of this technical manual 
in the event some of the special-purpose devices are en- 
countered. Emphasis has been placed on presenting function- 
ally different types, rather than manufacturer's claims for 
proprietary construction and materiais, 

3.6.3.1 PNPN Triode (Hook Collector). The PNPN 
triode trasistor is a iow-iayer semiconductor device with 


three junctions, on 


flow! 


. This transistor has been used 


more in switching circuits than in other applications because 


a oigh oi 
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Fogure 3.47, 
Pere Triede 


Figure 3-47 shows typical bios connections and the 
a@rrangemen: of thé inyecs for this uansistor. The ransistor 
essentially consists of 5 conventional trisde two-iunction 
PNP unit with a udcec ) 
emitter P-area (J1} and 
biased, the base N-crea is gr 
area is lef flooring 2+ 
tesult, the middie NP ju 
biased, Hence, the Pl, Ni 
in action to en ordinary 
region, however, 
hill due to the deo 
retarding effect on 
"space charge’! of hol 
The nesul Sa of this isan 


current ake the smail part wh Coane with some 
of the holes) is from the ative termina! of Vce to N2, 
P2, NL, base lead, an 


section gives rise te a 
2 NZ region. Cont trol ott 

since it is determi 
the P2 region, whic 
current; the emitter curren 
input signal to the transistor. 
derived fom ti 
ahook. NPNP 

The hook trar 
not be confused w 
controlied rectifier which operat 
tube. In the PNPN tridde s 
second P-area is ulway C 
hook collector it fs eft floating. 

3.5.3.2 Unipsiar (Field-EHect Tronstetsr). The uni- 
polar transistor uses a+ construction to utilize the 
effect of on electric field to control the passage of 
current carriers through the hasic semiconductor bar. It 
offers a high input resistance (about one megohn) with a re 
latively high output resistance and good high-frequency 
respanse. 
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circular P-alloy (called the gate} which encircles the bar is 
reverse-biased to the source-end of the bar. The field 
effect produced by the reverse bias depletes the area 
beneath the P-electrode of current carriers. The input sig- 
nal varies the basic conductivity of the N-bar and effect- 
ively controls the current supplied by the source. Thus, 
current flow through the load resistor produces a corres- 
ponding but amplified output voltage. 

Since the predominant cartier in N-type material is 
electrons and they are conuolied by the electric field 
between the gate and source-end of the bar, and since holes 
are not involved, the term unipolar was derived to indicate 
that only one cartier is involved. 

The advantage of this type of device is that ¢ small 
signal controls a much greater output, which is limited 
essentially only by the size of the source supply and the 
resistivity of the basic bar material. Applications are some- 
what limited by a rather high noise figure. 


INPUT 


OUTPUT 


Figure 3-48. 
Unipolor {Field-Etfect) Transistor 


3.6.3.3 Unijunction Transistor (Double-Based Diode.) 
The silicon unijunction wansistor is a three-terminal 
semiconductor device, sometimes called a double-based 
diode, which is unique in that it can be triggered on by, or 
om output canbe taken from, each of the three terminals. 
Once the unit is triggered, the emitter curtent increases 


82 
Pp 
fe iE | ig + 
VEE N Vea 


Figure 3-49. 


Unijunction Transistor 
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regeneratively until it is limited by the power supply, thus, 
the action of the transistor is similar to that of the gas 
thyratron tube. It can be employed in a variety of circuits, 
but it finds its qreatest usefulness in the switching and 
pulse fields. 

Figure 3-49 shows the basic unifunction bias con- 
nections. The unijunction tronsistor consists of an N-type 
silicon bar with two ohmic base contacts ai the aids and ¢ 
P-type emitter (PN junction) near base No. 2 (B2). A base 
biasing potential, applied between the two base contacts, 
establishes a voltage gradient along the bar; the emitter is 
located nearer B2, so that more than half of the base bias 
along the bar appears between the emitter and base No. 1. 
Tf an external potential is applied between base No. 1 and 
the emitter greater than the intemal voltage gradient 
between the same points, the junculun is torward-bias: 
the external potential is less than the internal voltage a 
reverse-bias is produced, Normally. reverse bias is ap- 
plied hetween the emitter and base No. 1 (Bl} so that 
the off condition the emitter current {s at cutot. When c 
positive trigger pulse of voltage is applied tothe emitter 
(or anegative trigger to Bl or BZ, the emitter is forward- 
biased, An incteased hole current causes a ieduction in the 
tesistance, and a reduction in the intema! voltage drop be- 
tween the emitter and base one. As a result, the emitter 
current incteases regeneratively unti! {t is Jimited by the 
power supply. This action is spoken of as conductivity 
modulation of the interbase current. The unijunction is 
tetumed to the off state by a negative trigger at the emitter. 
A typical circuit showing input and output points is shown 
in figure 3-50. 


Usijvaction inpet onc Ovtpyt Points 
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Resistors R3 and 4 in figure +5¢ form a bias voltage 
divider for the emitter. which nermeliy holds the circuit at 
cutoff, An input applied sco: ii produce o relatively 
high-voltage output across Rl and ¢ relatively low-voltage 
Gutput across 22. / ¢ s<¢ R27 will produce an output 
across A} and R4. Like input appited across Ri 
will produce outputs act: 
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type transistor. Their basic difference is in construction; 
an inttinsic area is inserted between the base and collec- 
tor areas. The over-all result is to reduce the base-to- 
collector capacitance and permit higher-frequency operation 
(on the order of 900 mc maximum). 

3.6.3.6 Drift Transistor, This transistor uses a 
construction which gradually changes the resistivity of the 
semiconductor from a highly conducting material at the 
emitter to a more resistive material (nearly pure germanium) 
at the collector. When a potential is applied between the 
emitter ond collector, an electric field effect is produced 
which causes the internal carriers to drift across the 
junctions at high velocity, instead of relying upon diffusion 
effects. Thus, the drift transistor can be operated at higher 
frequencies than the normal junction transistor. Figure 3-52 
shows the impurity concentration gradient for a typical drift 
transistor. It is also representative of the resistivity 
gradient and the electric field produced, which vary in the 
same manner, Because of the variable impurity distribution 
in the base region, less of the depletion area extends into 
the base, and the total effect is that of widening the 
depletion area, Shorting of the transistor by punch-through 
effect as the collector voltage is raised is eliminated, 
because the depletion area will gradually extend into the 
base and collector areas, and be blocked by the heavy 
impurity concentration near the emitter region, limiting 
further spread to the collector region. At the same time, the 
strong electric field produced by the varying resistivity 
gradient from one end to the other of the transistor causes 
an attraction for the minority carriers and thus urges injected 
holes across the base region in the same direction as the 
diffusion currents. The result is to provide a shorter 
transit time for the injected carriers than would normally 
occur for the same base width if only the diffusion process 
were acting as a transport medium. With a shorter transit 
time, the high-frequency response is extended above that of 
the normal transistor. 
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Figore 3-52. 
Drift Transistor Construction 
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3.6.3.7 Diffused-Base (MESA) Transistor. The diffused 
base transistor utilizes manufacturing processes to produce 
a physically thin diffused-bese alloy on a basic germanium 
bar. Thusthe collector-base capacitance is reduced, and 
the slowness of the diffusion process through the base region 
is minimized. Better high-frequency response results. 
3.6.3.8 Silicon Controlled Rectifier. The silicon 
controlled rectifier is a silicon 3-junction, -terminal 
device. It is the semiconductor equivalent of the 
thyratron tube. It can be either a PNPN or a NPNP unit. 
In the PNPN unit, the anode is the P terminal and the 
cathode is the N terminal. The intemal N region is not 
connected extemally, but floats between the anode and 
the second P region or extemal gate terminal (see figure 
3-53). 


Figure 3.53. 
Silicon Controlled Rectifier 


The controlled rectifier is connected as a conventional 
rectifier with anode to positive and cathode to negative. In 
this condition, both end junctions are forward-biased, but 
the middle junction is reversed-biased, and only a small 
reverse current flows (conduction is effectively blocked). 
When a positive gate is applied to the gate electrode, the 
middle junction is forward-biased and heavy current flows; 
or, when g specific blocking voltage is exceeded, the silicon 
controlled rectifier also breaks down and operates exactly 
as if gated. Once conduction is initiated, it continues 
until either the current or the voltage drops below a small 
holding value or until the external circuit is interrupted. 
Figure 3-54 shows a typical circuit utilizing two controlied 
rectifiers in a full-wave rectifier circuit. The output level 
is determined by the control circuit. These units are op- 
erable over ranges of from 20 to 600 volts blocking and 
currents of 1 to over 100 amperes, under contro} of gates 
from less than 1 volt at 1/4 milliampere to 3 to 4 volts at 
10 milliamperes, with turn-on time of ] to 5 microseconds 
and tum-off times of 10 to 20 microseconds. 
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Figure 3-54. 
Controlied Rectifier Circvit 
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3.6.3.9 Phototransistors. The phototransistor is ¢ 

combination of two junction diodes arraiged as c conven- 

tional transistor, for example, in a PNP configuration, 

with only the two end leads brought out. The mechanical 

arrangement is such that light is focussed on either one or 

both junctions to vary the conductivity of the unit. This 

unit is identical in operation to the photodiode, except 

th much more sensitive, from 50 to 500 times, because 

of transistor action. 

Itis evident from figure 3-55 that the connections are 
the same as for the photodiode and that the emitter junction 
is reverse-biased, with the collector junction forward biased 
and the base floating. Biasing is achieved through the 
internal resistance of the junctions. The emitter is more 
negative than the collector, and the hase floats somewhere 
in between, being at a ewer positive potential than the 
collector, so that it is effectively reverse-biased (assuming 
a PNP unit). Since the base is ttuly floating {it is not 

ted to any input or ret 2 Ground except through 
the intemal base-emitter resistance), it is extremely sus- 
ceptible to any light impinging on the junction. Voriations 
in light intensity couse the junction conductivity to vary, 
and thus act similarly to an input signal applied to a con- 
ventional emitter-base junction. Since the collector junc- 
tion is forward-biased, the changing emitter conductance 
causes corresponding and amplified changes of collector 
current, developing an output actass load resistor Rr. 

Because of the large collector current control offered 
by the phototransistor, it may be used directly to control 
a reley connected to turn power on or off, or to operate a 
switching circuit: see figure 3-56. 
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Phototransisiors Circuit 
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erature changes like the photodiode. Humidity effects are 
dependent upon the construction and encapsulation processes, 
but temperature variations may be compensoted for by the 
use of a bridge circuit and a thermistor of equal but op- 
posite characteristics; see figure +57. 


Figure 3-57. 
Thermistor-Compensated Bridge Circuit 


3.6.3.1 Thermistor, A thermistor is a special semi- 
conductor device which functions as a thermally sensitive 
resistor whose tesistonce varies with temperature. Therm- 
istors have large negative temperature coefficients; that is, 
asthe tempercture rises their resistance decreases, and as 
the tempercture drops their resistance invicases. The 
resistance of a thermistor is varied not only by ambient 
2 changes but also by heat aenerated intemally 
by the passage of current. 

Since the termistor is basically o voricble resistor, it 
is usually constructed trom semiconductor material of 
greater resistivity than is used in transistors or semi- 
conductor diodes. Therefore, its 7esponse to ambient 
temperature variations does not treck equally with that of 
the transistor semiconductor, so that compensation is 
achieved only at a few points of correspondence. Asa 
result, its greatest usage is in the field of temperature 
conttols and measurements, and power-measuring equip- 
ment based on heating effect, such as I-f measuring micro- 
wave epiinment. Although it is a semiconductor, it has no 
amplification capability like the transistor, and is 
fecnmeni iimuus Gniv beduse it is used 


in thermal compensating circuits for transisio? stabilization, 


3.7 CLASSES OF AMPLIFIER GPERATION. 
Since rransisrars are anaoGous 10 VGC Lubes, 
same general es of amplification, input and output 
parameiers, di é 
the transistor sau pe oper 


Class AB, or Class C amplif 


cussion to define the differences and relationships between 
the classes of Sperations 

3.7.) Class A. 
thas te seaorctes 


inat it operates: 
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the bias point. Collector current flows continuously 

(with or without signal) for 360 degrees of the operating 
cycle, and the tronsistor is operated so that the maximum 
collector dissipation is never exceeded (other classes 
momentarily exceed this rating). 

The Class A amplifier is basically a small-signal 
amplifier, although it can be used as a large-signal 
amplifier provided that the quiescent current does not 
exceed the maximum transistor ratings. Usually, large 
signal amplifiers of the power type are operated as Class B 
amplifiers, Class A amplifiers may be operated in push- 
pull or as single-ended stages. 

While the efficiency of a vacuum-tube amplifier 
operated Class A averages around 30 percent, the efficiency 
of a transistor operated Class A varies considerably, de- 
pending upon the circuit configuration and the parameters 
used, Considering the ideal case, it can be demonstrated 
mathematically that the direct-coupled Class A amplifier 
produces a theoretical maximum of 25 percent in either the 
CB or CE circuits. On the other hand, a resistance. 
coupled circuit will produce a maximum collector efficiency 
of 17 percent. The highest possible efficiency, 50 percent, 
ts obtained with transformer-coupled configuration (assum- 
ing a perfect transformer, with no losses), or by use of a 
shunt collector feed. 

For Class A operation, the transistor must be capable 
of dissipating more than the desired power output. 

Figure 3-58 shows typical Class A operation for a 
CB configuration, and figure 3-59, for a CE configuration. 
Note that operation does not extend into the saturation 
tegion since the knee of the curve makes operation here very 
nonlinear, Likewise, operation in the cutoff region is not 
permitted, because current would flow for less than the 
entire cycle. Comparing the graphs of figures 3-58 and 3-59, 
it 1s seen that the CB circuit is inherently more linear 
since the constant-current curves are more equally spaced 


Figure 3.58. 
CB Class A Graphical Operation 
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than those of the CE circuit. Therefore, the distortion is 
lower in the CB circuit than in the CE circuit. Other 
parameters which affect the distortion produced are: the 
emplitude of the input signal (if too large, it will be 
clipped), the value and linearity of the input resistance, 
and appreciable variation of the bias with temperature. To 
minimize distortion and produce maximum gain, the CB 
circuit uses an input resistance of about two times the 
source impedance, while the CE circuit uses an input resist- 
ance one to three times the source impedance, to minimize 
the over-all input resistance variations. Although the CB 
circuit produces less distortion and more power output for 
the same percentage distortion as the CE circuit, the CE 
circuit is usually preferred for ol! around use because it is 
easily cascoded and has a high power gain. 


I, T ¥ Twist 
DC LOAD LINE 


LOAD LI 


Figure 3-59, 
CE Class A Graphical Operction 


3.7.2. Class B. Class B amplifier operation is obtain- 
ed when the collector current flows for one half of the 
operating cycle, and is entirely cutoff during the other 
half. The bios is set at the cutoff point (zero bias), and 
during the positive input signal swing on NPN transistor 
will amplify in a normal fashion; on the negative swing 
the transistor is cut off amd does not operate. A PNP 
transistor wil! conduct during the negative half cycle of the 
input signa] ond remain cut off during the positive swing. 
Te produce the full input signal, two transistors must be 
employed, operating back-to-back in a push-pull arrange- 
ment. On one half of the cycle one unit operates, on the 
other half cycle the other unit cperates, and the halves are 
combined and added in the !oad. Thus each transistor 
operates for only half the operating period. 

Figure 3-60 shows a graph of Class B operation with 
the input and output signals projected from the transfer 
characteristic, Note that while collector cutoff is 
assumed there is a small flow of reverse leakage current, 
Ice, which reduces the total efficiency of the circuit. 
Ideal efficiency is 78 percent, which is quite an improve- 
ment over Class A operation. Distortion components are 
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the same as for Class A plus an additional type, known as 
crossover distortion, Since two transistors are employed, 
even though operating only half the time, the distortion is 
greater than for Class A depending on the circuit design. 


At the present state of the art, no general figures to indicate 


the possible range of values of distortion are available, 
since to obtain the necessary gain or output it may be nec- 
essary to accept more distortion with one transistor and 
design than with another. 

Because each transistor operates for only half the time 
and the power conversion efficiency is high, the Class B 
operated transistor is required to dissipate only about 35 
percent of the total output power desired. Hence, much 
greater power output is possible with lower rated transis- 


Figure 3-60. 
Typical Cless B Operation 


tors for the Class B amplifier. Since the ideal case is 
usually not ol tained, the percentage to he ssipated 
1 


uld be cal 


Class B operation is usually used for cudic power 
amplifier stages, but is seldom employed single-ended. 
However, single-ended operation is applicable to transmit- 
ters using tank circuits to fil! in the missing half of the 
output signal, ds in vacuum-tube operation. 

Crossover distortion is caused basically by the non- 
Mnearity of the transistor characteristics. At small input 
voltages the current change is small and varies exponen- 


input voltages the transistor conduction 


above is a rough approximation for comparison purpeses. 


pa Vea arene Wore 
iigily, but at nigner 
is heavier and heavier. This action produces an inward 
belly, as shown in figure 3-61, and increcsed distortion. 
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Figure 3-61. 
Crossover Distortion 


Compensation for crossover distottion is usudily achieved 
by placing a siight forward bias on the base of the tam- 
sistor, to move the bias point to a more linear portion of 
the transfer characteristic. While feedback can be used or 
the source resistance con be increased to minimize cross- 
over effects, circuit design complications, together with the 
less in the increased source resistance, make these types 
of compensation generally unsatisfactory for general use. 
Actually, the biasing-off type of compensation places the 
amplifier in the Class AB range of operation. 

3.7.3 Class AB. Operation in the Class AB saad is 
obtained by biasing tc the poi: 
flows for more than a naif cycle, but not for the entire 
cycle as in Class A operation. By arranging the bias 
properly, efficiencies between 50 and 78 percent are ob- 
tainable, with an average of 65 percent representing typical 
Class AB operation. 

Figure 3-62 shows a graph of typical Class AB opera- 
Yon. Distortion is less than that of Class B and more than 
that of Class A. The circuit arrangement is usually push- 
pull. However, for those applications which can tolerate 
the increased distortion, it is possible to use single-ended 
operation with an increase of output over Class A operation. 
For push-pull operation, Class AB represents greater power 
output and slightly more distortion than Class A, bui less 
power output and slightly less distortion than Class B. 

3.7.4 Cless €. Class C operation is obtained by bias- 
nq to the point where collector curtent ows for jess tha; 

a haii cycle, with the kansistor remaining in the cutett 
condition and with o slight cutoff (reverse) current fowlay 
during the inoperative portion of the cycie. Ciass © C operation 
18 NOt USEd Lot GUaIO GMPiiicaion Lecause © Seveie 
distortion it produces. it is used for tank circutt appiications 
whete the distortion is smoothed oui and uduihmized by the 
flywheel effect, as yoCuumtuoe operct 
used in single-ended or push-pull configurations. Switching 
circuits are usually operated as Class C amplifiers. 

To achieve Class C operation with a bias point con- 
siderably below cutoff, it is necessary to reverse-bias 
the emitter {assuming ¢ common-emitter circult), 98 opposed 
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Figure 3-62. 
Typical Closs AB Push-Pull Operation 


The Class C amplifier can be considered to opemte as a 
pulsed oscillator for r-f energy, where the input pulses 
Cause conduction for a small portion of the operating cycle, 
and the transistor rests with a small steady current during 
the remainder of the cycle, in a cutoff condition, with the 

1-f oscillations being sustained by the parallel resonant 
tank circuit. Assuming a input sine wave, it is only neces- 


Figure 3-63. 
Cless C Amplifier, CE Circuit 
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Sary to supply the losses in the tuned inductor by transistor 
Conduction, and obtain an amplified sine wave output pro- 
duced by the voltage gain factor. Naturally this type of 
operation is restricted to essentially sine-wave oscillations 
Produced at the frequency to which the tuned load circuit 

is resonont. Figure 3-63 shows c typical Class C amplifier 
circuit with input and output waveforms. 


3.8 COUPLING METHODS. 

The transistor, like the vacuum tube, is usually con- 
nected in cascaded stages to amplify the feeble input 
Signal to the large output value needed. Coupling is ac- 
complished by using resistance-capacitance networks, 
impedance networks, or transformers, or directly, by con- 
necting the output element to the input element of the suc- 
ceeding stage, as described in the following paragraphs. 
The discussion in this section will be limited to the basic 
circuit and important considerations involved for udio or 
telatively low-frequency citcuits. Where special combinations 
or design considerations are required to achieve « particular 
tesult (for example, r-{ or i-f coupling), they will be dis- 
cussed in the proper section with the special circuit with 
which they ate used. Since all coupling networks are 
frequency responsive to a certain extent, some coupling 
methods afford better results than others for a particular 
circuit configuration. Generally speaking, resistance 
coupling affords a wide frequency response with economy 
of parts and full trmsistor gain capabilities, impedace 
and transformer coupling provide a more efficient power 
Matching capability with moderate frequency response, 
while direct coupling provides the maximum economy of parts 
with excellent low-frequency response and d-c amplification. 

3.8.1 R-C Coupling. The R-C coupler utilizes two re- 
Sistors and a capacitor to form an interstage coupling device 
which provides a broad frequency response, with high gain, 
an economy of parts, and small physical size. It is used 
extensively in audio amplifiers, particularly in the low~ 
level stages. Because of its poor input-output power con- 
version efficiency (17 percent for the ideal case}, it is 
seldom used in power output stages. 

Figure 3-64 shows a typical resistance coupler. Resistor 
Ri is the collector load resistor for the first stage, capacitor 
Coc is the d¢-c voltage-blocking and ac signal-coupling 
capacitor, and Rp is the input-load and de-retum resistor 
for the base-emitter junction of the second stage. 
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Figure 3-64. 
Resistance Coupling 
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Since the input resistance of the second stage is low 
(on ‘the order of 1000 ohms for a CE circuit) and the reactance 
of the coupling capacitor is in series with the base-emitter 
intemal input resistance, Coc must have a low reactance 
to minimize low-frequency attenuation due to 2 large signal 
drop across the coupling capacitor. This is achieved by 
using a high value of capacitance; thus, for low audio fre- 
quencies, values of 10 io 100 microfarads ot more are em~ 
ployed (compare this with the vacuum-tube 
ance of less than | mictofarad). 

To prevent shunting the input signal around the low 
base-emitter input resistance, the base dc retum resistor, 
Rp, is made as large as practical with respect to the tan- 
sistor input resistance. Since increasing the base series 
resistance deteriorates the temperature stability of the base 
junction (see discussion of bias stablitzotion in parugruph 
3.4.2), the value selected for the input resistor 1s a com- 
promise between reducing the effective shunting af the 
input resistance and maintaining sufficient thermal stability 
over the the desired temperature range of operation. 

The high-trequency response is normally limited by the 
stray circuit capacitance plus the input ond output capaci- 
tance; hence, the transistor itself is usually the limiting 
factor. The low-frequency response is normally limited by 
the time constant of the coupling capacitor, Ccc, and the 
base return (input) resistance, Rp. For good low-frequency 
response, the time constant must be long in comparison to 
the lowest frequency to be amplified. 

Like the vocuum-tube coupling networks, transistor 
coupling networks may also be compensated to increase 
frequency response. Figure 2-65 shows the basic equiva- 
lent ctrcults for three types of compensation: (A) shunt 
peaking {B) series peaking, and (C) combined shunt-series 
peaking. Insertion of series inductor 1; produces a parallel 
resonant effect with output capacitance Co» and input 
capacitance Cie ond improves the high-frequency response 
about 50 percent. Insertion of inductor Lz in series with 
Coc produces a serles resonant circuit with input capacit- 
ance Cy. and further increases the high-frequency response 
about 50 percent over that of shunt pecking. Using both 
seties- and shunt-peaking effects provides a gain about 
80 percent greater thon that of the series-peaking circuit 
alone. 

Since the tesponse to low frequenctes is limited only by 
the coupling network, low-frequency compensation can be 
provided as in vocuum-tube circuits. Figure 3-66 shows 


3 typical low-frequency compensation circuit. With resistor Ay 


inserted in series with Ri, the collector load is increased 
at those frequencies for which the resistance of By is 
effective. Since capacitor C; parallels or shunts R 
evident that the higher irequenctes ae bypassed 
but, since the capacitive reactance of C increases with a 
decrease of frequency, the iower frequencies pass through 
F;. Thus, the ioad resistance for low frequencies is in- 
creased and so is the output at these frequencies. The 
combination of C; and Ri is chosen to provide the desired 
frequency compensation. This type of compensation also 
corrects for phase distortion, which is usually more prevalent 
at the lower frequencies. 
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Figure 3-65, 
Sheat, Series, ond Combined Peaking Circvits 


Figers 2.46, 
LowFreavency Compensation Circyit 
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Power-handling (and matching) copabilities of the inducto: 
provide more output thon the load resistor. Whale the over- 
all frequency response of impedance coupling s nst as 
good as that of resistance coucli is mach Letter 
that of transformer coupling, becouse there are no leaecg 
reactance effects to deteriorate the high-frequency response, 
Part A of igure 3-67 shows the basic impedance-coupl- 
ing cireuit, and Part B shows o typical variation. The 
high-frequency response of the impedance coupler is limited 
mainly by the collector output capacitance, and the low- 
frequency response is limited by the shunt reactance of the 
inductor, Ll. The efficiency of the impedance coupler is 
approximately the same as that of the trams‘ormer-coupled 
clrouit (50 percent for the ideal case), 


L-€-R COUPLING 


Figure 3-67. 
lnpedance-Coupling Circuits 


3.8.3 Trensfermer Coupling. Transformer coupling is 
used extensively in cascaded transistor stages and power 
Suiput stages. It provides good frequency response and 
Proper matching of input and output resistances with good 
power conversion efficiency. It is relatively much more 
costly and occupies more space than the simpie R-C circuit 
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compenents, but it compares favorably in these respects with 
the impedance coupler. Its frequency response is less than 
that of the tesistonce- or impedance-coupled circuit. 

Figure 3-68 shows a typical transformer coupler. 
Coupling between stages is achieved through the mutual 
inductive coupling of primary and secondary windings. 

Since these windings are separated physically, the input and 
output circuits are isolated for d-c biasing, yet coupled for 
a-c signal transfer. The primary winding presents a low 

dc resistance, minimizing collector current losses ad 
dlicwiag a lower applied collector voltage for the same gain 
Ss othet coupling methods, and it presents on a-c load im- 
pedance which includes the reflected input (base-emitter) 
impedance of the following stage. The secondary winding also 
completes the base d-c retum path and provides better 

thermal stability because of the low d-c (winding) resistance. 
Since the trmsistor input and output impedaice ca be 
matched by using the proper tums ratio, maximum available 
gain con be obtained from the trmsistor. 

As in the impedance coupler, the shunt reactance of 
the transformer windings causes the low-frequency response 
to drop off, while high-frequency response is limited by the 
leakage reactance between the primary and secondary 
windings, in addition to the effect of collector capacitance. 
Because of the low d-c resistance in the primary winding, 
no excess power is dissipated, and the power efficiency ap- 
Proaches the maximum theoretical value of 50 percent. 

3.8.4 Direct Coupling. Direct coupling is used for 
amplification of de and very low frequencies. As in vacuum- 
tube circuits, this method of coupling is limited to a few 
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Figure 3-68. 
Transformer Coupling 


stages since all signals are amplified, including noise, and 
it is extremely susceptible to instability because of shift 

of operating point, cumulative d-c drift, and thermal changes. 
Its use in power output stages is limited because of the low 
conversion efficiency (about 25 percent). It does offer an 
economy of ports, ad it lends itself to the use of comple- 
mentaty-symmetry circuitry. 

Figure 3-69 shows a basic d-c amplifier utilizing two 
PNP transistors and two power sou:ces. When a signal fs 
applied to the base of Ql, the amplified output is directly 
@plied to the base of Q2 from the collector of Ql. The 
output is taken from load resistor Ri of Q2, Since the 
base bias of Q2 is applied through Rez, the amplified sig- 
nal on the collector of Ql must not drive the base of Q2 posi- 
tive; that is, it must not exceed the negative bias. 
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Figure 3-69. 
D-C Ampiifier 


Figure 3-70 shows a basic connection not possible 
with electron~tube amplifiers. The grounded-base circuit 
of QI is direct-connected to the grounded-emitter circuit 
of Q2. Thus the input circuit of Q2is the load ior Qi, ond 
collector bias for Q1 is obtained through the coliecior-to- 
base junction of Q2. Since Q2 biases Ql, only one power 
source is needed, 


Figure 3-76. 
CB to CE D-C Ampiitier 


Figure 3-71 shows a paupical ‘cumplementary-symmetry 


ond tabilize each otner. 
bics a Ql is obtained from the base-coilector junction 
at? 

From the circuit of figure 3-71, it is clearly seen that 
if another stage were added a additional und i laser 
bias supply would be requited io mainicin & 
base potential negative for each stage. This limitation is 
analogas to that of the dc suppl, ior the vacuum-tube 
amplifier. It is also evident thet a shift of d-c bias 
potential would be amplified and passed clong to the second 
amplifier, whereas in the a-c coupled {resistance-capacitance} 
omplitier such d- shift would be biocked by the coupling 


capacitor. 
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Note the use of complementary symmetry or the use of 
one transistor to bias another with d-c coupling affords the 
miminum of component parts possible, and represents an 
economic advantage that is possible only with transistors. 
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Figure 3-71. 
Complementary-Symmetry D-C Amplifier 


Special bias circuits are used with d¢-c amplifiers to 
teduce thermal sifects; see bias stabilization discussion 
in paragraphs 2.2 and 3.4 for basic circuitry. 


3.9 TIME CONSTANTS. 

The time constant as defined in paragraph 2.5 for 
len tthes isthe same for transistors. It is important 
realize that transistors primarily from electron 


tubes i in their input and output resistances and their ca 
pacitances. Where time constants a ihe 


2 grid 
circuit of an electron tube with essentially infinite input 
impedance, it is not necessary to be concemed with the 
input- -impeconce effect on the time constant. Since the 
transistor has ctinite and telatively iow input impedan 
however, it may affect a time-constant circuit. Also, the 
capacitance to hase of the transistor is usually larger than 
the electron tube plate+ 
hence, when it 
considerec. 
Thus it can be seer that B-C ond 1 -P circuits used for 
time-delay, coupling, and iequency-tesponse effects and 
tor the shaping of BUSES and the contetiig e 


re used 


round or grid 
round or gric cana 


merccrstaateitedit, at 


vwltching 


> which produce large overshoots 
its hecmuse the transis- 


tics cea the maximum rated voltages, 
aking, therefore. the R-L circuit is used 
jess than the R-C circuit. 

On the other hand, because of the shunting effects of 
the intemal transistor parameters, ihe hiyh-lequency 
response is dearoded, even in the audio range. Consequent- 
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constant circuitry will be completely discussed in the 
applicable circuit analysis in other sections of this tech- 
nical manual, since it depends primarily on the type of tran- 
sistor selected. 


3.10 HYBRID PARAMETERS. 

The hybrid parameters, or h-parameters, of the transis- 
tor are mostly of use tothe circuit designer. However, 
manufacturers have found them convenient fot use in 
defining the performance of their products. Therefore, a 
working knowledge of the use and meaning of h-parameters 
is essential to the technician. 

The h-parameters appear in two forms which are inter- 
changeable; one form employs letter subscripts, and the 
other, numerical subscripts. At present, the numerical 
subscripts are commonly used for general circuit analysis, 
and the letter subscripts ore used for specifiying character- 
istics of transistors. Industry standardization accepts both 
forms, but the present trend in usage indicates that the nu- 
merical subscripts may be preferred. In addition, there are 
other systems of parameters, such as “a!!, “bi, My", Mql!, 
“4, and 2" parameters, which have somewhat more 
specialized uses. All of these systems, which may seem 
confusing to anyone other than a trained engineer, tepresent 
different methods of mathematically defining transistor 
action, as well as the parameters limiting that action, for 
design purposes. Although the triode transistor is a 
terminal device, it may be treated as a "black box’! with 
two input and two output connections ( a basic 4-terminal 
network). By utilizing the electrical characteristics (h- 
parameters) of this black box, it is possible to calculate 
performance of various circuits when various input signals 
are applied and various loads are connected. Basically, 
these h-parameters are limited to frequencies sufficiently 
low (270-1000 cps) that the capacitive and inductive 
effects of the transistor can be neglected. The h-parameters 
for common-base connection are usually shown in specifica- 
tion sheets because the emitter current and collector volt- 
age can be maintained more precisely than for other config- 
urations. Because of the trend toward the use of common- 
emitter circuits and the relative ease of measurement, some 
CE b-parameters will also be observed. In any event, formulas 
are available for conversion from one configuration to the 
the other in most text books (and transistor manuals), so 
only the common-base connection will be discussed in this 
manual . 

The simple common-base configuration shown in figure 
3-724 can be represented by the four-terminal h-parameter 
equivalent circuit of fiqure 3-72B, In using the h-porameters, 
it is customary to ignore the bias and consider only the 
instantaneous o-c values involved. Thus, the h-parameters 
represent operating conditions for a small signal close to 
the operating point. Therefore, the equivalent circuits do 
not show bias supplies and polarities. Conventional currents 
(not electron flow) and voltage polarities are assumed, and 
if errmeously assigned, will result in a negative answer 
when the problem is solved. Since the circuit of figure 
3-72 is essentially a four-terminal network (two input and 
two output terminals), it can be described by two simul- 
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taneous equations in which the h-parameters are the 
coefficients, namely: 

Ey = his iy +hi2 Eg 

Ie = has ii +hoz Eg 
To conform with Kirchhoff’s laws, hy1 in figure 3-72B 
must be an impedance and h22 an admittance, while hiz 
and ha; are essentially dimensionless ratios. For low 
frequencies h1; and h22 are resistive. Since these para 
meters involve two opposites—impedance and admittance— 
the term hybrid is used to describe them. 


Figure 3-72. 
Transistor ond Four-Terminal Network Equivalent Circuit 


If the output terminals are short-circuited for ac 
(by a large capacitor), the output voltage (e2) is 
zero, and the following simple formulas (like Ohm's 
law} show the relationships between input voltage and 
current and between input current and output current. 


1 


Hf the a-c input circuit is opened by the insertion of 
a large inductance in series with the bias, thereby reducing 
i, to zero, the following additional formulas will be obtained: 


eg ita 
iat Gon 


‘Thus, hii is effectively the transistor input impedance 
(with the output short-circuited), and hg2 is the output 
admittance (with the input open-circuited). Similarly, h,, 
is the voltage feedback ratio with the input open-circuited 
(this represents the intemal feedback due to reverse-curtent 
effects and common impedance coupling within the trmsis- 
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tor). Parameter ha; is the forward current amplification 
ratio with the output short-circuited 

The functioning of the equivalent circuit md the meaning 
of the h-parameters can perhaps be more clearly understood 
by considering the following intuitive reasoning, Consider 
the circuit of figure 3-72E, and fo: the mom 
voltage produced by the voltage generator (V 
. When the input signal voltage ( 
to the input terminals, current i) flows through tesis 
hy1 and causes current hai i; to flow in the output c: 
source (current generator Icen in the figure). Thus, h 
the current gain of the equivalent circuit. Current h 
divides between the output resister, which i 


{hag is on admittance), and the externa! ci 
aeross the transietor ontnut terminais. 


equal to Whee 


across the output os a result of this current is ee output 
voltage (E2}. When volluye Cz 
i causes an internal feelosd 


yoltace is his 
voitage is Aya, &2, 


ator Veen at the source. Tae feedback yoltace opposes 

the initial signal input (E;) and effectively subtracts from it. 
Figure 3-73 shows the hybrid equivalent circuits for 

the three basic transistor coniigurations. Note that tf 

Circuits are all the same secaise the deli 

must be satisfied, The pore 

different for each configuration; it wnsisis of the cen 
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parameter designations hi, he, hz and he with the additional 
subscript b, e, ot c added to represent the common base, 
emitter, or collector configuration, respectively. The letter 
and numerical forms of the parameters are related as follows: 
hi is hyi, hris hy, hy is hai, and ho is hee. 

From the preceding discussion, it is obvious that with 
a few external measurements the h-parameters of the typical 
“black box’! can be determined, and thai substitution cf 
these values in the proper formulas will allow circuit 
performance to be approximated so that the proper matching 
values of external circuitry can be chosen by the designer. 


